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CHAPTER I 
INTRODUCTION 
1.1 THE ACTIVE SITE OF AN ENZYME 
Enzymic action is one of the most fascinating properties we observe among 
proteins. This property depends on the manner in which the polypeptide chain 
and its attached amino acid residues are arranged within and on the surface of 
the molecule. Only a relatively small part of the enzyme molecule is involved 
in the catalytic process, since amino acids and even whole portions of some 
enzymes can be removed or altered without affecting enzymic activity, e.g. 
myosin, enolase and ribonuclease as pointed out by Mahler and Cordes (1967). 
Very recently a group of workers performed the first total synthesis of an en-
zyme, ribonuclease, with high and specific catalytic activity (Gutty and Mer-
rifield, 1969; Denkewalter et al., 1969; Strachan étal., 1969; Jenkins et al., 
1969; Veber et al., 1969; Hirschmann et al., 1969). 
Among the many properties which differentiate the modes of action of en-
zymes from those of inorganic or simple organic catalysts, stereospecificity 
takes a prominent place (Hirschmann, 1964). Two cases can be distinguished. 
In the first case the enzyme is specific for a substrate, which is stereoisomeric, 
in the second case an asymmetric product is formed from a symmetric substrate. 
In these two cases the enzyme is carrying out an asymmetric reaction. A relati-
vely small number of the total atoms or groups in the enzyme must be arranged 
in a critical configuration and organized so as to select and modify substrates 
in terms of stereochemical requirements. This arrangement of atoms or groups 
in a critical configuration was discussed by Ogston (1948) who pointed out that 
attachment of a symmetrical molecule to an enzyme at three points could lead 
to the differentiation of like groups and, consequently, to a stereospecific reac-
tion. The collection of these atoms or groups which is responsible for the appea-
rance of the enzymic activity is called the active site of the enzyme. 
1.2 THE MECHANISM OF AN ENZYMIC REACTION 
To obtain a detailed picture of an enzymic reaction, it is necessary to know 
the chemical identity of the active subsites on the enzyme surface, their spatial 
arrangement and their effect on the substrate molecules. 
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One approach to this problem is a study of the mechanism of the reaction in 
the absence of enzyme molecules and a study of the effect exerted on this non-
enzymic reaction by catalysts which resemble the active subsites of the enzyme. 
In some cases the mechanisms of the enzymic and nonenzymic reactions may 
be very similar; in others, the steric effects and the concerted action of the 
groups on the enzyme surface may cause qualitative as well as quantitative 
changes in mechanism. In either case, the nonenzymic reaction mechanism 
provides information for the interpretation of the enzymic mechanism. 
Another approach to the elucidation of the mechanisms of enzyme action 
requires the delineation of the configuration of the active site. To discern pro­
tein composition and structure as related to enzymic function the development 
of a variety of physical methods are promising. Among these are electron 
paramagnetic resonance (Ehrenberg, 1967; Bray, 1969; Kosman, 1969; Palmar 
and Massey, 1969), nuclear magnetic resonance techniques (Cohn, 1962; Mild-
van, 1963 and 1965; Ehrenberg, 1967; Ward, 1969), the measurements of the 
proton relaxation rate of water by the pulsed nuclear magnetic resonance me­
thod of Carr and Purcell (1954) (Mildvan and Cohn, 1963; Mildvan, 1966; 
Ehrenberg, 1967; Miller, 1968) and radio isotope techniques (Vallee, 1964). 
Particularly fruitful information results from the application of two spectro-
polarimetric techniques, optical rotatory dispersion (Urnes and Doty, 1961; 
Blout, 1965; Blout, Carver and Shechter, 1967; Yang, 1967; Pasman and 
Beychok, 1967; Jirgensons, 1969) and circular dichroism (Holzwarth and Doty, 
1965; Beychok, 1967). These provide the means of examining jointly the three-
dimensional structure of proteins, the configuration of localized areas of pro­
tein structure, e.g., active enzymic subsites and aromatic regions, and the inter­
relationships of these features on which catalytic activity must depend. 
1.3 OPTICAL ROTATORY DISPERSION AND CIRCULAR DICHROISM OF PROTEINS 
Optical rotatory dispersion, viz. the change in optical rotation with wave­
length λ, is one of the most powerful methods for the determination of mole­
cular conformations and especially of conformational changes of biological 
macromolecules in solution (Timasheff, Mescanti, Basch and Townend, 1965; 
Kronman, Blum and Holmes, 1966; McKenzie, Sawyer and Smith, 1967; 
Yoshida, 1967). Rotatory power itself is a direct consequence of molecular 
asymmetry and dissymmetry (Moscowitz, 1967). 
Optical rotatory dispersion is best understood by consideration of the Cotton 
effect (Cotton, 1895 and 1896; Mitchell, 1933), which is the typical anomalous 
rotation observed when optical rotation is measured in the spectral region of 
an absorption band of an optically active chromophore. In this region the rota-
2 
tory dispersion passes through a minimum, zero, and a maximum (or vice versa). 
The Cotton effect originates from the behavior of linearly polarized light which 
may be considered to be composed of left and right circularly polarized com­
ponents (Born, 1933). Transmittance through a medium which has a different 
index of refraction for the right and left component rotates the plane of pola­
rization. As a consequence one can ascribe a sign to the Cotton effect. When the 
peak of the rotatory dispersion curve occurs at longer wavelength the Cotton 
effect is positive, when the trough resides at longer wavelength it is negative. 
When a beam of plane-polarized light passes through a medium which has a 
different index of refraction for the right and left component and also absorbs 
the two circularly polarized components unequally, i.e., if the medium exhibits 
circular dichroism, the emerging light beam is elliptically polarized. Thus cir­
cular dichroism is an absorptive phenomenon, observable only in the frequency 
intervals where absorption occurs. This means that it is possible to locate the 
positions and signs of the bands in circular dichroism spectra with far less 
equivocation than is possible in optical rotatory dispersion spectra. The struc­
tural information we seek in such spectra and the identification of the optically 
active chromophores depend on precise knowledge of frequency, shapes, and 
amplitudes of the bands in the spectra (Beychok, 1967). 
On the basis of the asymmetry and dissymmetry of the proteins we distinguish 
the three-dimensional structure of enzymes, the configuration of localized areas 
of the protein structure, e.g. the active site, and the interrelationships of these 
features on which catalytic activity must depend. The asymmetry of limited 
areas of the protein structure finds expression in the presence of chromophoric 
species at such loci. In some proteins, such a chromophore may be incorporated 
into the structure of the native molecule as exemplified by metal atoms of 
metalloproteins. Alternately, a chromophoric molecule may bind to the asym­
metric site, e.g. coenzymes, substrates, inhibitors and metal ions. The chromo­
phore itself may be asymmetric or may be rendered asymmetric upon binding 
to the sterically organized constellation of groups on the protein surface. Such 
stereospecific interaction of chromophoric compounds with proteins result in 
characteristic optical rotatory dispersion phenomena which are distinct from 
and superimposed upon those arising from protein conformation alone. 
We distinguish several Cotton effects: 
a. Intrinsic Cotton effects, which are inherent to absorption bands due to the 
backbone of the polypeptide chain (Blout, 1964). 
b. Extrinsic Cotton effects, which do not arise from optical transitions of the 
peptide bands, but are due to the interaction of chromophoric substances, not 
part of the peptide chain, with asymmetric loci of proteins (Blout, 1964). 
с Aromatic Cotton effects, which arise from fSJ-tryptophan, (^-tyrosine 
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and (SV-phenylalanine (Rosenberg, 1966; Goodman and Toniolo, 1968; Good­
man, Toniolo and Peggion, 1968). 
d. Cotton effects due to optically active disulfide transitions (Beychok, 1967). 
These different forms of asymmetry all may contribute to the rotational po­
wer of a protein although to varying degrees, and become manifested on ana­
lysis of the details of an optical rotatory dispersion curve. On this basis spectro-
polarimetry may be employed to study the details of the interactions at the 
active enzymic site and, hence, the mechanisms of enzyme action. Concurrently, 
measurements are obtained which may reflect any changes in protein confor­
mation relating to such mechanisms. 
1.4 THE ENZYME ALLANTOICASE 
Both above mentioned approaches to the elucidation of the mechanism of 
the enzymic action will be applied in this study on allantoicase (allantoate 
amidinohydrolase, EC 3.5.3.4) from Pseudomonas aeruginosa. 
Allantoicase plays an essential role in the metabolism of purines in plants, 
animals and microorganisms (Vogels, 1963; Guitton, Durand and Brunei, 1965; 
Franke, 1966; Trijbels, 1967; van der Drift, 1968). The enzyme catalyzes the 
reversible conversion of allantoate (diureidoacetate) into (—)-ureidoglycolate 
and urea, and of (+)-ureidoglycolate into glyoxylate and urea according to the 
following equations: 
H2N NH2 H2N 
I 1 + н 2 о 1 
oc coo- CO ^ oc coo-
I I I - H 2 O I I 
H N — C H NH H N — C H OH 
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The choice of the enzyme allantoicase for a study on the mechanism of en-
zymic action is warranted by the following facts : 
a. It is a stable enzyme and on account of its thermostability in the presence 
of some bivalent cations (Trijbels and Vogels, 1967) it is possible to prepare 
relatively large amounts of the purified enzyme. 
b. The enzyme is a metalloenzyme. The presence of an asymmetrically bound 
metal ion renders the enzyme particularly suitable for a study of the interactions 
occurring at the active site by means of spectropolarimetric techniques. Con-
currently with this study, the metal specificity and metal content of the enzyme 
were studied (van der Drift and Vogels, 1970). 
c. The substrates are rather instable in aqueous media and therefore qualify 
for a study of the nonenzymic hydrolysis. Moreover the hydrolysis of ureido-
glycolate is strongly promoted by metal ions. Valuable information on the 
mechanism of the enzymic reaction can be expected to result from a study of 
these nonenzymic reactions. 
d. Because the substrates are neither too complex nor too simple, a more 
detailed study of the interaction sites of the enzyme and substrates is possible, 
so it must be less difficult to indicate the places of these interactions. Concur-
rently with this study, the specificity of the binding subsites of the enzyme was 
determined from the effect exerted by competitive inhibitors (Vogels, 1969). 
e. The absolute configuration of the optical antipodes of ureidoglycolate can 
be determined and, so, the active site of allantoicase can be described in terms 
of complementary loci. 
I.5 OUTLINE OF THE PRESENT INVESTIGATION 
The present investigation aims to be a contribution to the understanding of 
the mechanism of an enzymic reaction. It involves the enzyme, allantoicase of 
Ps. aeruginosa, and the reactions catalyzed by it. 
The topography of the active site will be described in terms of loci comple-
mentary to the conformation of the optical antipodes of ureidoglycolate. In 
order to determine the absolute configuration of these antipodes, general rules 
will be derived for the relation between spectropolarimetric data and the abso-
lute configuration of N-acylamino acids (Chapter 2). 
These rules will also be applied to determine the absolute configuration of the 
optical isomers of allantoin, a substrate of allantoinase (allantoin amidohy-
drolase, EC 3.5.2.5.) (Chapter 3). 
A method will be developed which allows the supply of relatively large quan-
tities of purified allantoicase necessary for the physical-chemical studies and for 
the synthesis of (+)- and (—)-ureidoglycolate (Chapter 4). 
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The nonenzymic hydrolysis of ureidoglycolate will be examined and special 
attention will be paid to the effect exerted by metal ions and metal complexes. 
In order to deepen our insight into the mechanism of this reaction, a comparison 
will be made with the hydrolysis of thioureidoglycolate and allantoate, the 
racemization of ureidoglycolate and the dehydration of glyoxylate hydrate 
(Chapter 5). 
The conformation of the enzyme will be studied by means of sedimentation 
studies, infrared and spectropolarimetric measurements. Special attention will 
be paid to the spectropolarimetric data revealed by studies on various metallo-
allantoicases and on the effect op pH and inhibitors on the aromatic and ex-
trinsic Cotton effects (Chapter 6). 
The results of the present investigation and those of previous reports on 
allantoicase of Ps. aeruginosa will be reviewed in Chapter 7. The information 
obtained from the various types of experiments will be considered together in 
an effort to explain the mechanism of the enzymic catalysis. 
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CHAPTER 2 
C H I R A L - O P T I C A L E F F E C T S OF N - C A R B A M O Y L - A N D 
N - A C E T Y L A M I N O A C I D S 
The specificity of the binding subsites of allantoicase was determined from 
the results of a study of the effect of competitive inhibitors (Vogels, 1969). In 
order to determine the steric arrangement of these binding subsites and the 
reaction site, we studied the absolute configuration of the optical antipodes 
of ureidoglycolate, a substrate of allantoicase. In this chapter we shall deal 
with the interrelation between the chiral-optical effects (a collective term pro-
posed by Weiss (1968) for circular dichroism, optical rotatory dispersion, 
magneto-circular dichroism dispersion and magneto-optical rotatory dis-
persion) and the absolute configuration of N-acylamino acids, which are struc-
turally related to ureidoglycolate. 
The interrelation between chiral-optical effects (Weiss, 1968) and the con-
figuration of amino acids is unmistakable and the use of circular dichroism and 
optical rotatory dispersion data for stereochemical assignments and confor-
mation problems has now been well established (Djerassi, i960; Velluz et al., 
1965; Crabbé, 1968). The empiric rules, as summarized by Greenstein and 
Winitz (1961), have proved to be of great value in designing optical configu-
ration. 
One of the empiric rules is based on the application of the one-term Drude 
equation (cf. Addendum). Patterson and Brode (1943) suggested that on the 
basis of the type and sign of rotation, and of the λο of the dispersion, an 
α-amino acid possesses an Ls-configuration if it fulfilles one of the following 
criteria: (a) its dispersion is both normal and positive, with the value of λο 
being above 205 nm; (b) its dispersion is both normal and negative, with the 
value of λο being below 140 nm; (c) its dispersion is anomalous, with the sign 
of rotation changing from negative to positive with decreasing wavelength. 
The reverse is true for α-amino acids of the Ds-series. 
In this chapter two methods are discussed which were used to determine the 
optical configuration of N-carbamoyl- and N-acetylamino acids. The first one 
is a modification of the method of Patterson and Brode (1943), the second one 
is derived from measurements of the Cotton effects. 
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2.1 MATERIALS AND METHODS 
N-Substituted amino acids were obtained from Sigma Chemical Company, 
Missouri, U.S.A., and Fluka A.G., Buchs, Switzerland. All amino acid deri­
vatives were used without further purification. N-Carbamoyl derivatives not 
obtainable commercially were synthesized from the corresponding amino acids 
and potassium cyanate, according to the method of Stark and Smyth (1963). 
The optical rotatory dispersion and circular dichroism spectra were plotted 
in the manner described in the Addendum. The analysis of the rotation disper­
sion data was based on the one-term Drude equation (cf. Addendum). 
Throughout this thesis the symbols S and R are used according to the no­
menclature of Cahn, Ingold and Prelog (1951, 1956). These symbols are equi­
valent with LB and D S for the commonly occurring amino acids and its N-deri-
vatives. 
2.2 RESULTS 
2.2.1 ORD and CD spectra of N-carbamoyl- and N-acetyl-a-amino acids 
Rotatory dispersion curves of N-carbamoyl- and N-acetyl-a-amino acids 
are very similar when measured at the same pH. The optical rotatory disper­
sion of these compounds was measured at three different pH values, and the 
observed rotation characteristics are given in Tables 2.1 and 2.2. Figs. 2.1 and 
2.2. represent the optical rotatory dispersion and circular dichroism spectra 
of N-carbamoyl- and N-acetyl-fS,) -alanine as typical examples of the measu­
rements. 
2.3 DISCUSSION 
From the chiral-optical properties of N-carbamoyl- and N-acetylamino 
acids, two methods can be derived which are applicable in the determination 
of the optical configuration of these compounds. 
The first one is a modification of the method given for amino acids by Pat­
terson and Brode (1943). It is based on the sign of the optical rotation and the 
value of λο determined via a graphic application of the one-term Drude equa­
tion. Acetyl- and carbamoylamino acids of the Le (or S) series conform to the 
following rules (Table 2.2): (a) rotation above 400 nm is positive and the value 
of Xc is below 235 nm; (b) rotation above 400 nm is negative and the value of 
λο is above 235 nm. The reverse is true for the derivatives of the DS (or R) series. 
In fact, the border line of λο at 205 nm for amino acids is replaced by another 
one at 235 nm for N-acetyl and N-carbamoylamino acids. 
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TABLE 2.1 Sign and location (nm) of circular dichroism bands* at indicated pH values. 
Substance 
N-Carbamoyl- (S) -alanine 
N-Carbamoy 1- ( R) -alanine 
N-Carbamoyl- (S) -asparagine 
N-Carbamoyl- ( S) -glutamic acid 
N-Carbamoyl- (S) -histidine 
N-Acetyl- (S) -alanine 
N-Acetyl- ( R) -alanine 
N-Acetyl- (S) -asparagine 
N-Acetyl- (R) -asparagine 
N-Acetyl-fSj-aspartic acid 
N-Acetyl-W-leucine 
N-Acetyl-^) -valine 
N-Formyl- (S) -leucine 
Coned. HCl 
—228 
+ 228 
—228 
—228 
—232 
—228 
+ 228 
—226 
+ 226 
-
-
-
-
3 < pH < 4 
—234 
+ 234 
—226 
—229 
—234 
—234 
+ 234 
—234 
+ 234 
—234 
+ 234 
+ 234 
—235 
12 < pH < 13 
—224 
+ 224 
—229 
—231 
—228 
—226 
+ 226 
-
-
-
-
-
-
* Sign and location of the CD bands of the carboxyl groups are not indicated. 
TABLE 2.2 Predicted configuration of N-acylamino acids. 
Substance 
N-Carbamoyl- (S) -alanine 
N-Carbamoyl- (R) -alanine 
N-Carbamoyl- ( S) -valine 
N-Carbamoyl- (R) -valine 
N-Carbamoyl- (S) -glutamine 
N-Carbamoyl- (R) -glutamine 
N-Carbamoyl- ( S) -asparagine 
N-Carbamoyl- (R) -asparagine 
N-Carbamoyl- ( S) -glutamic acid 
N-Carbamoyl- (R) -glutamic acid 
N-CarbamoyI-f5J-aspartic acid 
N-Carbamoyl- ( .RJ-aspartic acid 
N-Carbamoyl- (S) -histidine 
N-Carbamoyl- (S) -isoleucine 
N-Carbamoyl- (S) -leucine 
N-Acetyl- (R) -alanine 
N-Acetyl- (S) -alanine 
N-Acetyl-C5J-aspartic acid 
N-Acetyl-(SV -glutamic acid 
N-Acetyl-W-valine 
N-Acetyl- (R) -leucine 
N-Acetyl-fÄj-tryptophane 
N-Acetyl- f Λ,) -asparagine 
N-Acetyl- (S) -cysteine 
N-Formyl- (S) -leucine 
λο 
200 
20O 
196 
І9б 
ι89 
ι89 
і б о 
158 
245 
245 
195 
195 
200 
207 
225 
248 
245 
141 
173 
283 
240 
230 
245 
141 
245 
Rotation sign 
above 400 nm 
+ 
— 
+ 
— 
+ 
— 
+ 
— 
— 
+ 
+ 
— 
+ 
+ 
+ 
+ 
— 
+ 
+ 
+ 
+ 
— 
+ 
+ 
— 
Predicted 
configuration 
S 
R 
S 
R 
S 
R 
S 
R 
S 
R 
S 
R 
S 
S 
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FIG. 2.1 Rotation dispersion (full lines) and circular dichroism spectra (broken lines) of N-
carbamoyl-(S)-alanine at different ρ H values. 
Curves ι and 2 refer to pH 3.47, curves 3 and 4 refer to concentrated hydrochloric acid. 
FIG. 2.2 Rotation dispersion (full lines) and circular dichroism spectra (broken lines) of N-
acetyl-(S)-alanine at different pH values. 
Curves 1 and 2 refer to pH 3.42, curves 3 and 4 to concentrated hydrochloric acid. 
In the ultraviolet region a multiple Cotton effect was perceived. The Cotton 
effect at the shortest wavelength is generally ascribed to the presence of the 
carboxyl group and the position of this Cotton effect depends on the ionization 
state. Because of the unfavorable ratio between extinction and optical rotation 
of the carboxyl chromophore at the asymmetric center, measurements of the 
whole Cotton effect is difficult. In all instances the carbonyl moiety of the N-
carbamoyl or N-acetyl group at the asymmetric center exposed a Cotton effect 
at about 230 nm, which can be ascribed to the η-π* transition of the group. 
1 0 
This anisotropic absorption band exhibits a relatively strong effect at longer 
wavelengths, thus allowing the assignment of the absolute configuration of the 
α-carbon atom. The configuration of the compounds can be determined from 
the sign of the circular dichroism bands located at about 230 nm. N-Carbamoyl 
and N-acetyl derivatives of Л-amino acids showed a positive Cotton effect, and 
those of S-amino acids, a negative Cotton effect. In concentrated hydrochloric 
acid this Cotton effect became more intensive. 
The results given above will be used in Chapters 3 and 5 in order to determine 
the absolute configuration of the optical antipodes of allantoin and ureido-
glycolate. 
II 
CHAPTER 3 
P R E P A R A T I O N , P R O P E R T I E S A N D A B S O L U T E 
C O N F I G U R A T I O N O F (—)-ALLANTOIN 
The results of the foregoing chapter enabled us to determine the absolute 
configuration of the optical antipodes of allantoin (5-ureidohydantoin). Infor­
mation on these compounds is limited and only one group of workers (Fosse, 
Thomas and De Graeve, 1934a, b, c; Thomas and De Graeve, 1934) has stu­
died those antipodes. 
Fosse, Thomas and De Graeve (1934a, b, c) isolated both optical antipodes 
of allantoin and measured their optical rotation. The naturally occurring 
(+)-allantoin was isolated from leaves of Platanus orientalis (Fosse, Thomas 
and De Graeve, 1934c) and from the urine of cattle (Thomas and De Graeve, 
I934)· (—)-Allantoin was obtained by degradation of the dextrorotatory form 
of the racemate by allantoinase from soybean meal (Fosse, Thomas and De 
Graeve, 1934a) or from the liver of Raja clavata (Fosse, Thomas and De Graeve, 
1934b). The values of [α]ο2 0 for the two optical isomers in water were + 92-930 
(c, 0.00877) a n d —9 2 ·4 0 (c> 00167), respectively. 
We used for the preparation of (—)-allantoin allantoinase from Pseudomonas 
aeruginosa, which like most other allantoinases only degrades (+)-allantoin 
(Vogels, 1963; Vogels, Trijbels and Uffink, 1966; Lee and Roush, 1964; Franke 
et al, 1965). 
This chapter deals with the isolation of (—)-allantoin, some properties of 
this compound and with the elucidation of its absolute configuration. 
3.1 MATERIALS AND METHODS 
S.1.1 Preparation of (—)-allantoin 
Pseudomonas aeruginosa was grown at 30° in an aerated medium containing 
per liter: allantoin (10 g), KH2P04 (750 mg), NaOH (120 mg), MgSO^ 7H2O 
(120 mg), СаСЬ' 2H2O (5 mg), MnSO,,· H2O (2 mg), FeSOv 7H2O (1 mg), 
ZnSOi- 7H2O (100 Mg), Н3ВОз (ιοο Mg), Na2Mo04 (20 Mg), KI (io Mg), 
CuS04'5H20 (io Mg)> C0SO4 (4 Mg), biotin (5 Mg), calcium pantothenate 
(100 Mg), folic acid (0.5 Mg), myo-inositol (500 Mg), niacin (100 Mg), p-amino-
benzoic acid (50 Mg), pyridoxine • HCl (100 Mg), riboflavin (50 Mg) and thiamine 
12 
(loo μg). The pH of the solution was 6.7, and the medium was sterilized by 
Seitz filtration. After 24 hours the bacteria had grown very well, the pH of the 
medium had risen to about 8.5 and allantoin had disappeared almost comple­
tely. Since at pH 8.5 the rate of racemization is high (Vogels, De Windt and 
Bassie, 1969), KH2PO4 was added to the culture in such an amount that the 
pH dropped to 6.0. (±)-Allantoin (20 g/1) was added and the incubation allo­
wed to proceed for 20 hours at 30o under aerobic conditions. 
After centrifugation, the optical activity of the supernatant liquor showed 
that an excess of 8.6 g per liter of (—)-allantoin was present. The supernatant 
liquor was acidified to pH 2 to 3 with concentrated HCl, since at this pH race­
mization occurs very slowly (Vogels, De Windt and Bassie, 1969), and treated 
twice with 50 g of activated carbon. About 90% of the (—)-allantoin was re­
moved from the solution by adsorption. The activated carbon was washed 
with 75% ethanol (1 liter per 100 g of activated carbon) and the solution was 
evaporated. The dry material was recrystallized twice from hot water acidified 
with HCl to pH 3. The overall yield of the isolation procedure was 70%. In 
water the product gave the following data: [α]ο3 0 (с, 0.00745) —92.0° and 
[ФЬ 3 0 (с , 0.00745)—145o. 
(S)- and ^yl-hydantoin-5-acetic acid were prepared as described by Stark 
and Smyth (1963): m.p. 218-2250 and 218-228° (Stark and Smyth, 1963, found 
a m.p. 220-225°) and [ Φ ]
η
3 0
 ι N NaOH (c, 0.010) + 230° and —228° for (R)-
and (S,)-hydantoin-5-acetic acids, respectively. A value of —1980 for the latter 
compound is recorded in the literature (Greenstein and Winitz, 1961). 
3.1.2 Methods 
Decomposition points were determined by heating the compounds from 1800 
upwards in a Leitz-Wetzlach melting point microscope. 
Infrared spectra were measured with a Perkin-Elmer Infracord spectrophoto­
meter 157, slit N, air as reference. KBr pellets which contained about 1 mg of 
the substances per 100 mg were used as samples. 
Solubilities of (—)- and (rh)-allantoin were determined at 30o by measuring 
the optical rotation and performing a differential glyoxylate analysis (Trijbels 
and Vogels, 1966). 
Optical rotations were determined in a 10-cm tube in a Perkin-Elmer Polari­
meter, model 141, with a sodium-vapor lamp at 589 nm or a mercury spectral 
lamp at 365, 436, 546 and 578 nm. For a study on the effect of pH the following 
buffers were used: sodium citrate - citric acid (pH 1.9-5.5), sodium acetate -
acetic acid (pH 4.0-5.5), НагНРС КНгРС^ (pH 6.0-8.5), triethanolamine-
HC1 (pH 6.8-8.5), Tris-HCl (pH 7.0-8.5), diethanolamine-HCl (pH 8.0-9.5), 
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glycine-NaOH (pH 8.0-11.o), NaHCOj-NazCOj (pH 8.5-11). At pH values 
below ι.0 and above 11.5 no buffer was used. 
At pH values where racemization occurred rapidly, the rotation was mea­
sured as a function of time and extrapolated to time zero. 
The optical rotatory dispersion and circular dichroism spectra were plotted 
in the same manner as described in the Addendum. The optical rotatory dis­
persion and circular dichroism curves were not corrected for the refractive 
index. 
3.2 RESULTS 
3.2.1 Properties of (—J-allantoin 
The decomposition points of (—)- and (±)-allantoin were 226°-2290 and 
23i°-233°, respectively. 
The infrared spectra of (—)- and (±)-allantoin (Figs. 3.1 and 3.2) differed 
markedly in the N-H stretching frequency region (Elliott and Natarajan, 1967) 
of 3,380 to 3,020 cm-1. No marked differences were observed in the region of 
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FIG. 3.1 Infrared spectrum of (—)-allantoin m К Br The concentration of (—)-allantom is 
about I mg in ¡00 mg KBr. 
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FIG. 3.2 Infrared spectrum of ( ±)-allanioin in KBr. The same concentration of (±)-allanloin 
was used as given in Fig. 3.1. 
the stretching frequencies of the carbonyl groups, although a particular band 
at 1,810 c m - 1 was present only in (—)-allantoin. Large differences were obser­
ved in the regions 1,175 to 1,080 cm - 1 and 1,000 to 795 cm - 1 . 
The infrared spectra of (R)-, (S)-, and (RSJ-hydantoin-s-acetic acid were 
similar (Fig. 3.3). AH compounds tested exposed a characteristic band at 762 
to 766 c m - 1 which was assigned to the breathing vibration of the hydantoin 
ring (Elliott and Natarajan, 1967). 
The solubilities of (—)- and (±)-allantoin in various solvents are given in 
Table 3.1. In all solvents tested (—)-allantoin was much more soluble than 
(±)-allantoin. 
TABLE 3.1 Solubilities of (—)-allantoin and ( ±)-allantoin in some solvents. 
Solvent 
Water 
Methanol 
Ethanol 
Dimethylformamide 
Pyridine 
Concentrated HCl 
(—)-Allantoin 
5-8 
0.77 
0.08 
99 
0.27 
> I I 
Solubility (g/100 g) at 
(±>Allantoin 
0.58 
0.050 
0.009 
1.82 
0.09 
16.5 
10° 
Ratio (-)/(i) 
IO 
15 
9 
5-5 
3 
-
15 
10 11 12 13 14 15 
wavelength (μ ) 
4000 3000 2000 1500 1000 900 800 700 
wave number (em ) 
FIG. 3.3 Infrared spectra of (R)-, (S)-, and (RS)-hydantoin-5-acetic acid. The concentration 
was about 1 mg hydantom-5-acetic acid in too mg KBr. 
3.2.2 Optical properties of (—)-allantoin 
Fig. 3.4 shows the molar rotations at 365 nm of (—)-allantoin and (S)-
hydantoin-5-acetic acid as a function of pH. 
In strongly acid media the molar rotation of (—)-allantoin decreased and 
the solubility increased (Table 3.1), probably due to protonation of the mole­
cule. fSj-hydantoin-s-acetic acid showed two step-wise decrements of the 
molar rotation at pH 3 to 4.5 and 8 to 10.5, respectively. These decrements 
paralleled the dissociation of the carboxyl group and the hydantoin ring, res­
pectively. The drop of the molar rotation at pH values above 14 cannot be 
explained at this moment. 
Above 300 nm the molar rotations of (—)-allantoin obey a one-term Drude 
equation {cf. Addendum). The parameters к and λο of the one-term Drude equa­
tion are given as a function of pH in Fig. 3.5 and Table 3.2. The change of к 
and Xc at pH 8 to 9 did not affect markedly the molar rotation at 365 nm 
(Fig. 3.4) because of an isorotational point located at 330 nm. The molar rota­
tions of (SJ-hydantoin-s-acetic acid also obey a one-term Drude equation. 
λο values of this compound are given in Fig. 3.4 and the к values are 27.1 · io6, 
32.8 · io 6 and 41.8 · io 6 at pH 2.70, 4.40 and 9.96, respectively. 
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FIG. 3.4 Molar rotations of (—)-allantoin (x x) and (S)-hydantoin-s-acetic-acid (o o) 
m water at different pH values. 
The rotations were measured at 365 mm and 30°. Xc at various pH values was determined 
for (S)-hydantoin-5-acetic acid. 
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FIG. 3.5 The parameters of the one-term Drude equation, λο (curve 1) and к (curve 2), of 
(—)-allant от in water at various ρ H values. 
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TABLE 3.2 Molar rotations of (—)-allantoin in various solvents at 30° 
Solvent 
Water 
Methanol 
Ethanol 
Dimethylformamide 
Pyridine 
Concentrated HCl 
c(g/l) 
7-45 
1.05 
0.50 
0.94 
0.82 
399 
365 nm 
508 
427 
394 
220 
334 
407 
Molar rotations 
(degrees negative) 
436 nm 
308 
258 
243 
142 
220 
248 
546 nm 
175 
149 
142 
85 
131 
142 
578 nm 
153 
130 
124 
74-5 
112 
124 
λο 
217 
208 
202 
175 
173 
214 
[Φ]ο30 = —145°, [α]ο30 = —92.0°. [ajo20 in water (с, 0.0167) —92.4o, according to Fosse, 
Thomas and de Graeve (1934a). 
The molar rotations of (—)-allantoin in six solvents are given in Table 3.2. 
In the wavelength region tested the molar rotations conformed to a one-term 
Drude equation and λ
α
 values are given in the Table. 
3.2.3 ORD and CD spectra of (—J-allantoin, (S)-hydantoin-yacetic acid, (R)-
alanine and N-carbamoyl~(R)-alanine 
Rotatory dispersion curves of (—)-allantoin at five pH values are given in 
Fig. 3.6. In the ultraviolet region a multiple Cotton effect was perceived. At 
high pH values minima in the optical rotatory dispersion curves were found 
at 272 and 235 nm and maxima at about 260 and 200 nm. On lowering the pH 
below the pK value of the hydantoin ring the minimum at 272 nm and the 
maximum at about 260 nm became less explicit. Besides the isorotational point 
at 330 nm already mentioned, two other isorotational points were found at 
252 and 230 nm at pH values above 4. A better resolution of the multiple 
Cotton effect was obtained in the circular dichroism spectra (Fig. 3.7). 
Measurements at temperatures up to 90° all revealed the same circular 
dichroism spectra. Therefore, the conformation of (—)-allantoin appeared to 
be very stable under these circumstances. Between 900 and 1000 the circular 
dichroism bands decreased. On cooling to room temperature the original cir­
cular dichroism spectrum reappeared in all instances. 
Figs. 3.8 and 3.9 show the circular dichroism spectra of (SJ-hydantoin-s-
acetic acid, N-carbamoyl-fÄ^-alanine and f/^-alanine at various pH values. 
The location and sign of the Cotton effects are summarized in Table 3.3. 
Rotation dispersion and circular dichroism measurements of (—)-allantoin 
and the antipodes of hydantoin-5-acetic acid in methanol revealed the same 
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FIG. 3.6 ORD spectra of (—)-aìlantoin in water at various pH values. Curves I, 2, j , 4 and 5 
refer to pH 11.2g, 9.56, 7.52, 3.41 and concentrated HCl, respectively. 
spectra as found in water at approximately pH 3, but the absolute rotation was 
lower at all wavelengths. 
3.3 DISCUSSION 
The properties of (—)-allantoin and (i^-allantoin were compared. The 
differences in the decomposition points, infrared spectra and solubilities indi-
cate differences of the crystal structures and the lattice forces. Similar results 
were found for the optical antipodes and racemates of α-amino acids (Brock-
mann, 1956). 
The crystal structure of (ib)-allantoin has been determined by X-ray analysis 
with the use of three-dimensional photographic data (Mootz, 1965). Hydrogen 
bonds play an important role in the packing of the molecules. In the solid 
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FIG. 3.7 CD spectra of (—)-allantoin in water at various pH values. Curve ι refers to concen­
trated HCl, curves 2, 3 and 4 refer to pH 3.38, 8.32, and 11.29, respectively. 
phase of (±)-allantoin an alternate packing of hydantoin rings and ureido 
side-chains is the most likely structure. Such a structure is less probable in the 
crystals of the optical antipodes. The infrared spectra of (R)-, (S)- and (RS)-
hydantoin-5-acetic acid were identical and therefore their crystal structures 
must be very similar. 
In order to determine the absolute configuration of (—)-allantoin the ORD 
and CD spectra of this compound were studied and compared with the circular 
dichroism spectra of compounds, whose absolute configurations are known 
2 0 
λ(ηηι) 
[θ] (deg c m 2 decimole"110 l) 
FIG 3 8 CD spectra of (S)-hydantom-5-aceUc acid at various ρ Η values Curves 1-6 refer to 
pH π ¡6, io 58, 9 jS, 8 77, з 6j and concentrated HCl, respectively 
and which contain the identical chromophore in the same conformational 
environment, viz. (S^-hydantoin-s-acetic acid, N-carbamoyl-f/ij-alanine and 
(Ä,)-alanine. 
Greenstein and Winitz (1961) stated that 'levorotatory hydantoins are derived 
from α-amino acids of the L-family'. However, 'the data presently available 
are still too scant to establish the concept with certainty'. On the basis of this 
statement (—)-allantom is related to hydantoins of the (S)-family of amino 
acids, and is fÄ^-allantoin. 
(—)-Allantoin exhibits two Cotton effects of opposite signs at about 233 and 
210 nm, whereas (SJ-hydantom-s-acetic acid exhibits only one Cotton effect 
at about 210 nm. From these data we conclude that the Cotton effect at 210 nm 
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FIG. 3-9 CD spectra of N-carbamoyl-(R)-alanine (broken lines) and (R)-alanine (full lines) 
at various pH values. Curve ι refers to concentrated HCl, curves 2-$ refer to pH 3.45, 12.30, 
3.41, and 12.42, respectively. 
TABLE 3.3 Cotton effects of (—)-allantoin, (S)-hydantoin-s-acetic acid, N-carbamoyl-(R)-
alanine and ( R)-alanine. 
Location (nm) and sign of the Cotton effects 
Substance at indicated pH values 
pH > 9 9 > pH > о concentrated HCl 
(—)-A]lantoin (+)247, (—)227 (+)2з6, (—)2II (+)233, (—)2IO 
(»SV-Hydantoin-s-aceticacid (—)232 (—)2I2 (—)2io 
N-Carbamoyl- ( R) -alanine (+)224, (—)<2I2 (+)234, (—)<2I7 (+)228 
(.RJ-Alanine (—)2I5 (—)207 n.d. 
n.d. = not determined. 
can be assigned to the hydantoin ring. Because the signs of the Cotton effect 
at 210 nm are similar for (—)-allantoin and (Sj-hydantoin-s-acetic acid and 
depend in the same way on the pH, (—)-allantoin must be related to the hydan-
toins of fSj-amino acids and must be (Äj-allantoin according to the nomen-
clature of Cahn, Ingold and Prelog (1951, 1956), (Fig. 3.10). 
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FIG. 3.10 Absolute configuration of (S)-hydantoin-s-acetic acid, (R)-allantoin and N-carba-
moyI-(R)-alanine. The sign of the Cotton effect is indicated. 
The Cotton effect at about 233 nm is ascribed to the free ureido group of 
allantoin. The same grouping is present in N-carbamoylamino acids {cf. Chap­
ter 2). The signs of the Cotton effects of (—)-al]antoin and N-carbamoyl-f Sd­
amino acids are the same. This fact corroborates the statement that (—)-allan-
toin is (R) -allantoin. 
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CHAPTER 4 
P U R I F I C A T I O N O F A L L A N T O I C A S E F R O M 
P S E U D O M O N A S A E R U G I N O S A 
In order to study the properties of the metalloenzyme allantoicase a puri­
fication procedure was developed which permitted the preparation of relatively 
large quantities of the enzyme. The procedure is based on the heat stability 
of the enzyme in the presence of Mn 2 + ions (Trijbels, 1967; Trijbels and Vogels, 
1967) and involves precipitation by acetone and chromatography on Ecteola-
cellulose. 
4.1 MATERIALS 
Cells of Ps. aeruginosa were grown in the medium described in Chapter 3. 
The pH of the medium was 6.7 and the medium was sterilized by Seitz filtration. 
The inoculated medium (6 1 in 10 1 flasks) was incubated at 30o and aerated 
(120 1/h) for 24 h. 
Sodium allantoate was prepared according to Hermanowicz (1948). CM-, 
Ecteola- and DEAE-cellulose were products obtained from Serva-Entwick-
lungslabor, Heidelberg, Germany. 
4.2 PURIFICATION OF ALLANTOICASE 
4.2.1 Preparation of cell-free extracts 
The cells were harvested in a Sharpies Super-centrifuge with a turbine drive. 
The yield was 2.2-3.0 g of wet cells per 1 medium. This amount was found to 
contain about 1000-1500 allantoicase units. One kg of wet cells was suspended 
in 1.5 1 water, containing 10 g МпСЬ' 4H2O. The cells were disrupted by 
treating them 4 x 1 0 min in a 500 Watt MSE ultrasonic disintegrator. The cell 
suspension was cooled to o0 between each treatment. Intact cells and cell 
debris were removed by centrifugation at 10,000 χ g for 40 min and subsequently 
at 100,000 χ g for 15 min. The precipitates were washed thoroughly with water 
in order to remove allantoicase. If activity was retained by the precipitate a 
final washing was performed in the presence of neutralized EDTA (0.1 M). 
This treatment was sufficiënt to remove nearly all allantoicase activity from the 
precipitate. 
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4-2.2 Heat treatment 
The 100,000 χ g supernatant was heated at 72° for 15 min. The resulting 
precipitate was removed by centrifugation at 10,000 χ g for 40 min and was 
washed with water. Removal of the precipitate was strongly facilitated by 
freezing and thawing of the suspension before centrifugation. The supernatant 
was dialyzed against slowly streaming, demineralized water. To the dialyzed 
solution 5 g MnCU' 4H2O was added per liter. The treatment at 72°, centri­
fugation and dialysis were repeated. Care was taken to remove Mn 2 + ions 
completely during the second dialysis period in order to prevent adsorption 
of the enzyme to precipitates of Mn 2 + salts in the next step. 
4.2.3 Acetone precipitation 
The dialyzed enzyme solution was cooled to 0° and 1.5 volume of acetone, 
precooled to —20o, was added. The precipitate was separated by centrifugation 
at 10,000 χ g for io min at —5°. The yellow supernatant, which was devoid 
of allantoicase activity, was discarded. The precipitate was dissolved in 0.005 M 
triethanolamine-HCl buffer, pH 7.9, containing 20 mg МпСЬ' 4H2O per liter. 
4.2.4 Ecteola-cellulose chromatography 
Ecteola-cellulose was pretreated according to the indications given by the 
manufacturer, packed in a column (4x15 cm) and washed with 0.005 M t r ' " 
ethanolamine-HCl-MnCU buffer (4.2.3) until the pH of the effluent had increased 
to 5.5-6.0. Thorough washing of the column with buffer resulted in irreversible 
binding of the enzyme to the Ecteola-cellulose. The enzyme solution was applied 
to the column and eluted at room temperature with the triethanolamine-HCl-
MnCh buffer in which the concentration of NaCl increased gradually from 
0.1 to 0.3 M. The fractions containing allantoicase activity were pooled and 
dialyzed against demineralized water. The Ecteola-cellulose chromatography 
was repeated twice and the enzyme solution was lyophilized. 
In a number of cases the resulting enzyme material was subjected to gelfil-
tration on Sephadex G-200. However, no enhancement of the specific activity 
was obtained in this way and this step was omitted in the standard purification 
procedure (Table 4.1). 
4.2.5 Test of allantoicase activity 
Allantoicase activity was tested at 30o in a mixture containing, per ml, 167 
цтоіез sodium allantoate, 220 цтоіез triethanolamine-HCl buffer, pH 7.9, 
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TABLE 4 I Purification of allantoicase from Ps aeruginosa 
Purification step 
Crude cell-free extract15 
Heat treatment I 
Heat treatment II 
Acetone precipitation 
Ecteola-cellulose I 
Ecteola-ccllulose II 
Ecteola-cellulose III 
Protein» 
(mg) 
51,600 
7,960 
4,680 
3,030 
700 
240 
98 
Allantoicase 
units 
357,ooo 
325,000 
315,000 
280,000 
214,000 
184,000 
128,000 
Specific 
activity 
6 9 
4 0 8 
67 5 
92 5 
306 
770 
1310 
Times 
purified 
1 0 
5 9 
9 8 
134 
445 
III 
190 
Recovery 
(%) 
100 
9t 
88 
78 
60 
Si 
36 
a The amount of protein was determined according to Lo wry et al. (1951). 
b 100,000 χ g supernatant obtained from 1 kg of wet cells 
0 17 цто1е8 MnSC^ and an appropriate amount of the enzyme. The amount 
of ureidoglycolate plus glyoxylate formed, ι e. the amount of allantoate degra­
ded, was determined according to a differential glyoxylate analysis (method D; 
Try bels and Vogels, 1966). 
One unit of enzyme activity is defined as the amount which will catalyze the 
transformation of one μπιοίε of allantoate per mm in the standard assay at 30е 
The specific activity is expressed in units per mg protein. 
4 3 RESULTS AND DISCUSSION 
Cells of Ps. aeruginosa grown in media with ammonium salts as nitrogen 
source and acetate, citrate, glucose or succinate as carbon source exhibited a 
low allantoicase activity (about о 05 units per mg protein) The activity was 
about 100 times higher in cells grown in media with allantom as the sole source 
of nitrogen, carbon and energy. Allantoicase of these cells was purified about 
200 times by treatment at 72o for 15 mm and Ecteola-cellulose chromatography 
(Table 4.1) 
Loss of enzyme activity in the former step was caused mainly by the diffi­
culties encountered in separating the enzyme from the voluminous precipitates. 
The loss of activity during the chromatographical steps was a result of irre­
versible binding of the enzyme to Ecteola-cellulose The bound material was 
enzymically active and could not be removed by one of the following proce­
dures. elution of the column with the eluent buffer supplied with 0.6 or 6 M 
NaCl, 6 M sucrose, 2 M urea, 30%(NH4)2S04,0.1 M КагЕОТА, 0.5% MnCh" 
4H2O, 2% desoxycholate or 30% acetone, or elution with ο ι M ЫагСОз-
NaHCOj buffer, pH io or и , or ο.ι M sodium acetate-acetic acid buffer, 
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pH 4.5. In all these treatments the eluates were devoid of allantoicase activity, 
whereas the bound enzyme remained active. Similar difficulties were encoun­
tered on chromatography with CM- or DEAE-cellulose and the loss of activity 
was even higher than in Ecteola-cellulose chromatography. 
The purified enzyme material behaved as a homogeneous material upon 
rechromatography on Ecteola-cellulose or Sephadex G-200, and in polyacryl-
amide-gel electrophoresis (Trijbels and Vogels, 1967). 
From sedimentation studies (cf. Chapter 6) it appeared that the purified 
enzyme preparation contained about 75% 10.8 S and 15% 0.9 S allantoicase 
and 10% smaller particles and larger aggregates. The 10.8 S and 0.9 S allan-
toicases were separated using a linear 2Η2θ-Η2θ gradient (cf. Chapter 6). 
The loss of activity during purification was not due to inactivation of the 
enzyme and the product obtained was a rather pure enzyme material. There­
fore, the amount of allantoicase appeared to be 0.5% of the protein of induced 
cells and 0.005 % of the protein in cells not grown in media containing allantoin. 
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CHAPTER 5 
H Y D R O L Y S I S , R A C E M I Z A T I O N A N D A B S O L U T E 
C O N F I G U R A T I O N O F U R E I D O G L Y C O L A T E , A S U B S T R A T E 
O F A L L A N T O I C A S E 
In order to obtain information required for the interpretation of the enzymic 
reaction, the specific chemical reaction catalyzed is studied with special atten­
tion to the bivalent cation-promoted hydrolysis of ureidoglycolate. The results 
are compared with the racemization of ureidoglycolate, the hydrolysis of 
thioureidoglycolate and allantoate, and the dehydration of glyoxylate hydrate 
(Vogels and van der Drift, 1969). A reaction mechanism common to these 
processes is proposed. A study of the absolute configuration of the optical 
antipodes of ureidoglycolate has yielded information on the steric arrangement 
of the binding subsites of the enzyme. 
5.I EXPERIMENTAL 
5.1.1 Materials 
Sodium ureidoglycolate was prepared according to Valentine and Wolfe 
(1961), N-carbamoyl derivatives of amino acids according to Stark and Smyth 
(1963)· 
Sodium thioureidoglycolate was prepared by incubation of 0.1 M sodium 
glyoxylate and 0.3 M thiourea in 150 ml water for 1 h at 30°. After addition of 
1.21 96 % ethanol under vigorous stirring and washing the resulting precipitate 
with warm ethanol, a yield of 16 g sodium thioureidoglycolate was obtained, 
containing a significant amount of free glyoxylate (2 g). 
Mn2+-ureidoglycolate-glyoxylate complex was prepared by mixing 0.1 mole 
of sodium ureidoglycolate in 100 ml water with 0.2 moles of MnCU. The tem­
perature was held at о - I o and the pH was maintained between 6 and 7 by 
addition of 0.01 N NaOH. The precipitate formed after several minutes was 
filtered, washed with alcohol and dried in vacuo over P2O5. 
The optical antipodes of ureidoglycolate were prepared with the aid of allan-
toicase bound to Ecteola-cellulose. Previously we reported {cf. Chapter 4) 
that the enzyme is readily bound to CM-, DEAE- and Ecteola-cellulose and in 
the latter instance more strongly when the pH of the eluting fluid was about 8. 
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The bound enzyme could not be removed by any of a large number of methods 
tested (Chapter 4) and was very stable during storage at —20 o and catalytic 
action at 30°. (—)-Ureidoglycolate was prepared by suction of a solution of 
9 -io- 2 M sodium allantoate in 510-3 M triethanolamine-HCl buffer (pH 7.5) 
through a column (6 cm χ i.2 cm) containing the enzyme bound to Ecteola-
cellulose. The rotation of the eluted solution was —0.22° at 365 nm. The solu­
tion was concentrated about 10 times by lyophilization and 9 vol. of 96% 
ethanol were added to the chilled residue. On cooling at —20° (—)-ureido-
glycolate separated as a clear syrup which contained about 50% optically pure 
material, calculated on the basis of the specific rotation determined previously 
byTrijbels and Vogels (1966). The weight of the syrup could be reduced to about 
50% on heating at 1000, but this process was accompanied by slight browning 
of the material and a strong increase of the optical rotation, perhaps due to 
polymerization. (+)-Ureidoglycolate was prepared by suction of a freshly 
prepared solution of ι M urea and 0.25 M sodium glyoxylate through the 
column as given above. The rotation of the eluted solution was + 0.560 at 
365 nm. (+)-Ureidoglycolate was isolated as described for (—)-ureidoglycolate. 
Allantoate amidohydrolase was the purified enzyme obtained from Strepto­
coccus allantoicus and was activated as previously described (van der Drift and 
Vogels, 1967). 
5.ƒ.2 Methods 
Ureidoglycolate and glyoxylate were determined according to Trijbels and 
Vogels (1966). Ammonia was determined according to Richard (1965) and 
isocyanate and urea according to Vogels and van der Drift (1969). Manganese 
was determined with a Techtron, model AA-100, atomic absorption spectro­
photometer. 
Optical rotations were measured in a 10-cm cell in a Perkin-Elmer Polari­
meter, model 141. 
Optical rotatory dispersion and circular dichroism spectra were measured 
as described in the Addendum. 
Conductance measurements were performed with a Wheatstone bridge 
arrangement in aqueous solution at 1.70. A cathode-ray oscilloscope was used 
as detector. Metal chloride solutions (1.5 M) were added to 10 ml of the ligand 
solution (io~2 M) by means of a manual microburette, Metrohm 457, with 
digital indication. 
Electron paramagnetic resonance spectra were recorded with an AEG X-band 
spectrometer. Aqueous solutions with a constant concentration of Mn 2 + 
(5ΊΟ - 3 M) and variable ligand concentrations were studied. Solutions under 
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investigation were introduced from a small vessel attached to the wave guide 
above the resonance cavity. The sample cell was not removed when the solu­
tions were changed and therefore the measurements were perfectly reprodu­
cible. A ruby crystal adjusted in the cavity was used as reference signal. All 
measurements were made at room temperature. The variation of the signal 
intensity was determined both by double integration of the electron paramag­
netic resonance signal and by multiplication of the square of the linewidth of 
one hyperfine component with the amplitude of this component; both methods 
yielded the same result. The experimental linewidth was measured as the dif­
ference (in gauss) between points of maximal slope, corresponding to the peak-
to-peak distance in the first derivative spectra. 
Infrared spectra were measured with a Perkin-Elmer Infracord spectrophoto­
meter 157, slit N, air as reference and a Hitachi grating infrared spectrophoto­
meter EPI-G2. KBr pellets and 2 Η2θ solutions were used as samples; the for­
mer contained per 100 mg about 1 mg of the substance investigated. 
pH was measured at 300 with a Radiometer, type PHM 4c, pH meter. 
5.1.j Standard assay conditions 
The hydrolytic rate of ureidoglycolate was determined at 30° in mixtures 
containing per ml, 100 цтоіез sodium ureidoglycolate and 100 цтоіез of the 
same buffering substances as used before (cf. Chapter 3). The amounts of 
glyoxylate formed at various time intervals were determined. The buffers, 
except for the phosphate buffer, did not measurably affect the hydrolytic rate. 
The cation-catalyzed hydrolysis of ureidoglycolate was assayed at 300 in 
mixtures containing per ml, 20 цтоіез sodium ureidoglycolate, 200 цтоіез 
buffering substances and 1 or 5 цтоіез Mg2+, Ca2 +, Cd2 +, Mn 2 + or Ni 2 +, or 
0.1 or 0.25 цтоіез Co 2 +, Fe2+, Zn2+, Cu2 +, Pb2+, Hg2+, Fe3+ or Cr 3 +. 
The anion-catalyzed hydrolysis of ureidoglycolate was assayed in a similar 
manner in the presence of 0.1 M sodium phosphate, NaCl, NaNOs, NazSO,», 
NaClOs or sodium acetate. 
The racemization rate of ureidoglycolate was determined at 22o in mixtures 
containing per ml, 33 цтоіез of buffer and 130 цтоіез of one of the optical 
antipodes of ureidoglycolate. The following buffers were used: sodium citrate-
citric acid (pH 1.8-4.5), sodium acetate-acetic acid (pH 4.5-5.5), sodium 
succinate-succinic acid (pH 6.3-7.2), triethanolamine-HCl (pH 7.0-8.0), 
diethanolamine-HCl (pH 8.4) and NaHCOs-NajCCb (pH 9.4-9.6). Higher pH 
values were adjusted with KOH. 
The hydrolytic rate of thioureidoglycolate was determined at 300 in mixtures 
containing per ml, 50 цтоіеа sodium thioureidoglycolate and 100 дтоіез of the 
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same buffering substances as used in Chapter 3. The amounts of glyoxylate 
formed at various time intervals were determined. The buffers, including the 
phosphate buffer, did not measurably affect the hydrolytic rate, kx, defined in 
the following text, was less than ю - 4 M - 1 · min - 1 . 
The cation-catalyzed hydrolysis of thioureidoglycolate was tested at 30o in 
mixtures containing per ml, 50 μπιοΐεβ sodium thioureidoglycolate, 100 цтоіез 
buffering substances and 1 or 5 цтоіез Mg 2 - , Са2% Mn 2 +, Cd2 +, Fe 2 +, Fe 3 +, 
C r 3 ^ Ni 2 + , Co2+) Pb
2 +
 or Zn 2 +, or 0.1 or 0.25 μϊηο\ε5 Hg2+ or Cu2+. The even­
tual complex formation between these ions and the buffers was not taken into 
account in the evaluation of the data. 
The logarithms of the observed first-order rate constants (kobs) are given in 
the figures, kobs = vi [ureidoglycolate]-1, in which vi is the initial velocity, 
given in moles per 1 per min. The various rate constants are represented as 
follows: ka and кь are the second-order rate constants of the acid- and base-
catalyzed reactions, к and k' are the rate constants of the spontaneous reaction 
of the acid and salt form of the compounds, respectively; kx is the rate constant 
of the increment of the reaction rate resulting from the presence of compound X. 
5.2 RESULTS 
5.2.1 Ureidoglycolate hydrolysis as a function ofpH 
The plot of log kobs as a function of pH (Fig. 5.1) is composed of parts with 
slopes of — 1, + 1 and о due to reactions catalyzed by НзО^, O H - or noncata-
lyzed reactions. 
This is expressed in the following equation, in which UGA represents urei-
doglycolic acid and U G A - ureidoglycolate : 
v, = (ka [Н3ОЧ - к + къ [OH-]) [UGA] + 
(ka' [Н3ОЧ + к' + кь' [ОН-]) [UGA-] (5.1) 
The acid-catalyzed hydrolysis of U G A - is assumed to proceed via conver­
sion of UGA" into UGA and the base-catalyzed hydrolysis of UGA via con­
version of UGA into UGA - . The dissociation constant of ureidoglycolic acid, 
K, was calculated from titration data and amounted to 5.9 · ю - 4 M at 16.50 
ino. 1 M KCl. Since at pH values below 1, К ^ Н з О ' , and at pH values above 8, 
К ^> HjO^, the above equation may be written as: 
kobs - ka [Н3ОЧ + k L H 3 , 0 2 ^ ^ K + k b ' t O H ~] (5-2) 
ЗІ 
l 0 3 k D b S 
-10 
-1.5 
-20 
- 2 5 
-3.0 
-3.5 
O 2 4 6 8 10 12 
pH 
Fio. 5.1 Velocity of ureidoglycolate hydrolysis as a function ofpH. 
Measurements were performed at 30o as given in the experimental section. 
ka and kb' were determined from the course of the plot at pH values below 1 
and above 9, respectively. From the levels at pH about 6 and 2 and the course 
of the plot between these pH values, approximate values of к and k' were 
obtained which were substituted into the three-term equation. The exact values 
were determined by iterative calculations performed with an IBM 360/50 system 
computer. The rate constants amounted to ka = 0.108 M - 1 - min - 1, к = 4.47 · 
i o - 3 min - 1, к' = з.8о · ю - 4 min-1 and к'ь = 158 М - 1 , min-1. 
The hydrolysis of ureidoglycolate was measured at pH 7.6 as a function of 
temperature in the region from 15° to 600. The activation energy calculated 
from the Arrhenius equation amounted to 18.4 kcal • mole - 1. 
Hydrolysis of ureidoglycolate is a reversible process : 
ureidoglycolate ^ glyoxylate + urea 
[ureidoglycolate] 
The equilibrium constant К = was determined at pH 7.5 and 
[glyoxylate] [urea] 
amounted to 1.90 at 100°, 3.62 at 70°, 5.60 at 50° and 11.85 M - 1 at 30o. The 
enthalpy change Δ H of the reaction was calculated from the equation 
d l n K ( T ) Δ H 
= It amounts to + 5.0 kcal · mole - 1. 
dT RT 2 . J 
At pH values between —0.2 and 14.3 equal amounts of urea and glyoxylate 
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were always formed. No detectable amounts of isocyanate or ammonia were 
observed, in contrast with the observations for allantoate, which yielded am­
monia and isocyanate instead of urea at pH values above 7 (van der Drift 
and Vogels, 1969). 
5.2.2 Cation-promoted hydrolysis of ureidoglycolate 
Because metal ions play an essential role in the enzymic catalysis by allan-
toicase, the influence of metal ions on the hydrolysis of ureidoglycolate was 
studied. All bivalent cations tested promoted the reaction. The rate of hydro­
lysis at any pH value was directly dependent on the concentration of the cations 
(Fig. 5.2) and may be written as: 
kobs = k0ob3 + kx [X], (5.3) 
1 0 3
 · bobs t ™ " " 1 ) 1 
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FIG. 5.2 Rate of ureidoglycolate hydrolysis at 30° as a function of the concentration of the 
cations. 
Curves 1 and 4 refer to Cu2+ at pH 4.0 and 6.5, respectively; curves 2 and 3 refer to Mn2 + 
at pH 4.0 and 6.5, respectively. 
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TABLE 5 ι Rate constants of cation-catalyzed hydrolysis of ureidoglycolate as a function of pH 
kme values, defined in the text, were determined at 30° 
Cation 
Fe2+ 
Cu2 + 
Zn1* 
Pb2+ 
H g 2 + 
N | 2 + 
Co2+ 
Cd2+ 
Mn 2+ 
Ca2+ 
Mg 2 + 
Fe3 + 
Cr3+ 
0 5 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
1 5 
7 5 
6 5 
1 1 
I 0 
0 3 
0 5 
3 0 0 
0 2 
kmcCM"1 
2 5 
2 0 
I S S 
2 8 
2 5 
I 0 
0 6 
65 0 
0 6 
m m
- 1 ) at the indicated pH values 
3 5 
57 5 
21 
4 4 
4 2 
2 1 
0 9 
8 9 0 
3 8 
4 5 
52 5 
1 5 З 
3 7 
3 6 
1 7 
0 8 
i n 0 
2 5 
5 5 
41 0 
1 0 0 
3 0 
2 4 
1 3 
0 7 
I I I 0 
I 2 
6 5 
13 1 
7 0 
2 7 
2 3 
0 9 
0 7 
7 I O 
О б 
7-5 
2 З З 
8 0 
5 4 
2 8 
2 6 
2 3 
1 7 
0 6 
0 7 
0 2 
0 1 
2 3 3 
0 3 
in which k0obe is measured m the absence of metal ions, and X represents metal 
ions The values of k;
me
 are given m Table 5.1. The catalytic effect was strongly 
pH-dependent and increased upon lowering the pH from 7 5 to about 5. 
The pH-dependence in this region is about the same as that observed for the 
noncatalyzed reaction in the pH region from 5 5 to about 3.0 Therefore, the 
catalysis by cations is perhaps a result of a concerted action of H + and metal 
ions on the substrate. 
Fe 3 + and Cr 3 + were catalytically active too, whereas monovalent metal ions 
e g. ο ι M Na + and K f , were without effect 
The hydrolysis of ureidoglycolate in the presence of the cations Zn 2 + or Mn 2 + 
was measured as a function of temperature. The activation energy calculated 
with the Arrhemus equation for the temperature region 5° to 60o amounted to 
15 5 and 15 8 kcal • mole - 1 for Zn 2 + and Mn 2 + ions, respectively. 
j 1 3 Metal-ureidoglycolate complexes 
The sequence of bivalent cations promoting the hydrolysis of ureidoglycolate 
(Table 5 1) showed a strong relationship to the first stability constants of 
these cations with hydroxy acids (e g lactic acid, Fig 5 3), (Sillén and Martell, 
1964, Li, Westfall, Lindenbaum, White and Schubert, 1957). This suggested 
that the catalytic action of these ions involves complex formation with ureido-
glycolate, most probably with its COO~ and OH groups Therefore, the 
complexes of Mn2+ and Cu2 h with allantoate, ureidoglycolate and glyoxylate 
were studied 
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FIO. 5.3 Comparison of the first stability constants (K\) of metal-lactic acid complexes with 
the catalytic effect (k
me
, defined in the text) of these ions on ureidoglycolate hydrolysis atpH j.¡. 
The stoichiometric composition of the metal-ligand complexes was deter-
mined by conductance measurements. Allantoate, ureidoglycolate and glyoxy-
late formed 1:1 and 2:1 complexes with Cu2+ and 1:1 complexes with Mn2+. 
Sakaguchi and Taguchi (1966) demonstrated the occurrence of 1:1 complexes 
of glyoxylate with Cu2+ and Mn2+. 
Electron paramagnetic resonance was used in measurements of the complex 
constants of Mn2+ and the ligands ureidoglycolate, allantoate and glyoxylate. 
The linear relationship found between [free Mn2 +]_ 1 and the ligand concen-
tration (Fig. 5.4) is indicative of the formation of 1:1 complexes under the 
conditions tested. The complex constants of Mn2+ with ureidoglycolate, 
allantoate and glyoxylate amounted to 8.1, 1.7 and 8.7 M - 1 , respectively. From 
the linewidth increment on enhancement of the ligand concentration we could 
not deduce that outer-sphere complexes were formed (Burlamacchi and Tiezzi, 
1968). The complex constant of the Mn2^-glyoxylate complex was of the same 
order of magnitude as those reported (Leussing and Hanna, 1966) for the 
Ni2+- and Zn2+-complexes, which amount to 8.7 and 4.4 M - 1 , respectively. 
Attempts to prepare the Mn2+-ureidoglycolate complex yielded a product 
containing 18.9% C, 9.3% N, 3.8% Η and 17.6% Mn. Moreover, on acid 
hydrolysis of the compound 1.9 moles glyoxylate were formed per mole Mn 
present. These data are most consistent with the composition Mn 2 + : ureido­
glycolate: glyoxylate: H2O = 1:1:1:2. The theoretical composition of such a 
complex would be: 19.0% C, 8.9% N, 3.8% Η and 17.5% Mn. In accordance 
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по. 5-4 Variation of free Mn1+ concentration with changing ligand concentration. 
Free Mn2 + was determined from the electron paramagnetic resonance spectra as indicated in 
the experimental section. Curve i, sodium aliantoate; curve 2, sodiumureidoglycolate; curve 3, 
sodium glyoxylate. 
with this view the infrared spectrum* of the complex indicated the presence of 
bound water, since broad bands were observed near 3,300 and 1,610 c m - 1 
(Fig. 5.5). Besides the C-O stretching band at 1,035 c m _ 1 present in ureidogly-
colate (Fig. 5.6), a new band was observed in the complex at 1,065 cm~l which 
was also present in the Mn2+-glyoxylate complex (Sakaguchi and Taguchi, 
1966). 
5.2.4 Effect of phosphate and Л/л2"1-phosphate complex 
The catalytic effect exerted by phosphate ions obeyed Eqn. 5.3, in which 
kphosphate is 0.81 · i o - 2 and 1.13 · i o - 2 M - 1 · min - 1 at pH 7.0 and 6.0, respec­
tively. The effect of phosphate ions was not due to the higher ionic strength 
of the solution, since NaCl solutions of the same ionic strength were without 
effect. Additions of 0.1 M NaNOs, Na2S04, NaClCh and sodium acetate did 
not exert a catalytic effect. 
* We are indebted to Mr. L. van der Ven (Technological University, Eindhoven) for measu­
ring the infrared spectra. 
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FIG. 5.5 Infrared spectrum of ureidoglycolate-Mrfi^-glyoxylate complex in KBr. The concen­
tration of the complex is about ι mg in 100 mg KBr. 
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FIG 5.6. Infrared spectrum of (±)-ureidoglycolate in KBr. The concentration of (±)-ureido-
glycolate is about 1 mg in 100 mg KBr. 
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The effects of metal and phosphate ions were not simply cumulative, if both 
were present simultaneously (Table 5.2). The results suggested that a third term, 
kc[C], must be added to Eqn. 5.3. С represents the Μη2 +-ΗΡθ42~ complex, and 
the dependence of kobs on pH and phosphate concentration indicated that the 
Mn2+-H2PO.r complex was much less or not al all catalytically active. Since 
kc was 4.1 and кмп was 0.76, the Μη2 +-ΗΡθ42~ complex promoted the reac­
tion 5.4 times more strongly than free Mn 2 + . In a similar way the catalytic 
effects of the Mg2+-HP042~ and Ca 2 + -HP04 2 - complexes were determined: 
the k
c
/k
m e
 values were 5.4 and 3.1, respectively (van der Drift, unpublished 
results). 
5.2.5 Effect of other metal-complexes 
The hydrolysis of ureidoglycolate was measured in the presence of metal-
complexes formed by equimolar (2.5 · ю - 4 or 5 · io~3M) concentrations of 
metal ions and ligands. It appeared that these complexes can be classified as 
follows: 
a. Complexes without a catalytic effect, e.g. Cu2+-, Mn 2 +- and Ni 2 +- citrate, 
Cu2^- and Mn2+-EDTA, Zn2+-glycylglycine, Mn2+-oxalate, Mn2+-pyrophos-
phate, Mn 2 +- and Zn2+-thiosulfate and Zn2+-threonine. 
TABLE 5.2 The catalytic effect ofMn1* -HPOt2~ complex on the hydrolysis of ureidoglycolate. 
Ureidoglycolate hydrolysis was measured at 30o in mixtures containing per ml, 24 μπιοΐβς 
sodium ureidoglycolate, 40 цтоіез Tris-HCl buffer (pH 7.0) and the indicated amounts of 
Mn2 + ([Mn2+]t) and of phosphate buffer (pH 7.0, [Phosphateji). From the equation, kobe = 
к + кмп [Mn2+]t + kc [С], kc was calculated, к, кмп and kc refer to the noncatalyzed, Mn2 ' -
catalyzed and complex-catalyzed reactions, respectively. The concentrations of free Mn2 4, 
of free HPOi 2 - and of the complex were calculated with the aid of the known values of the 
second ionization constant of phosphate (6.46 · io - e M)andKc = [Mn2+ - ΗΡθ42_]/[Μη:2+] 
[ΗΡθ42-] = 3.8 · io2· M"1 (Sillén and Martell, 1964). 
[Μη2 ]t [PhosphateJt kobs [Mn2+]r [HPCV-Jr [С] kc 
(ίο3· Μ) (ίο3· Μ) (io4· min-1) (ίο3· M) (io3· M) (io3· M) (M"1· mm"1) 
_ 
-
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
-
25 
-
I 
1.7 
2.5 
4.2 
8.3 
25 
3.8 
5.8 
25.7 
32.0 
35.8 
44.9 
51.ι 
75-4 
98.З 
-
-
3.0 
2-79 
2.66 
2.51 
2.22 
1.70 
0.75 
_ 
10 
-
0.20 
0.34 
0.51 
0.90 
2.02 
7-75 
-
-
-
0.21 
0.34 
0.49 
0.78 
1.30 
2.25 
-
-
-
З.81 
З.71 
4.66 
4.00 
4.58 
З.98 
Average 4.1 
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b. Complexes with a catalytic effect equal to the free metal ion, e.g. Mn 2 +-
aspartate, Mn2+-N-carbamoyl-(7?)-asparagine and Mn2+-N-carbamoyl-(S)-
asparagine, Mn2+-glycylglycine, Cu2 +- and Mn2+-histamine, Cu2+-i,io-phe-
nanthroline and Mn24-i,io-phenanthroline, Cu24--, Fe 2 +- and Mn2+-pyridoxine, 
Mn2+-tetraborate and Mn2)"-threonine. 
None of the complexes exerted an enhanced catalytic effect as observed for 
the phosphate complexes. 
No comprehensive explanation of the above classification can be given at the 
moment. On the one hand, the results may be partly due to extremely high (group 
a) or low (group b) values of the complex constants involved; on the other hand, 
it seems very likely that the metal bound in certain complexes (group b) is 
catalytically as active as the free metal ion. 
5.2.6 Comparison of the catalytic action exerted by various metal ions 
If the Mn2+-catalyzed hydrolysis at a certain pH value results from an en­
hanced hydrolytic rate constant (k*) of ureidoglycolate bound in the Mn 2 +-
ureidoglycolate complex, then 
кмп [Mn2+]t [ureidoglycolate] = k* [Mn2+-ureidoglycolate complex], 
in which [Mn]t refers to the total amount of Mn 2 + present. Since кмп is 0.76 
M ^ ' m i n - 1 at pH 7.0 and the complex constant of Mn2+-ureidoglycolate com­
plex is 8.1 М - 1 , k* is 0.10 min - 1 . The hydrolytic rate of ureidoglycolate bound 
in the complex appears to be 260 times higher than that of free ureidoglycolate 
(k' = 3.80 · i o - 4 min - 1). At the moment information is too scant to decide 
definitely whether the different catalytic effects of the cations result from dif­
ferent complex constants only or from changes in the k* value for different 
metal-ureidoglycolate complexes or from a concerted effect. Since the various 
kme values are reasonably proportional to the complex constants of a-hydroxy 
acids {cf. Fig. 5.3), k* seems to be rather independent of the nature of the metal 
ion in the ureidoglycolate complex. 
5.2.7 Thioureidoglycolate hydrolysis as a function of pH 
The plot of log kobs as a function of pH (Fig. 5.7) is composed of two parts 
with slopes of + 1 and 0 due to a reaction catalyzed by O H - and a noncatalyzed 
reaction, respectively. The dissociation constant of thioureidoglycolic acid was 
calculated from titration data. It amounts to 6.3 · ю - 4 M at 16.50 in 0.1 M 
KCl. Since the data suggest that the hydrolysis of thioureidoglycolic acid and 
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FIG. 5.7 Velocity of thioureidoglycolate hydrolysis as a function of pH (0-0-0) and in the pre­
sence of 5 · 10-* M Cd2+ (0—0—0—0—)· 
Measurements were performed at 30° as given in the experimental section. 
thioureidoglycolate proceed with equal rate, the course of the plot obeys the 
following equation in which TUGA - represents the total amount of thioureido­
glycolate and thioureidoglycolic acid present: 
vi = (k' + kb' [OH-]) [TUGA-] (54) 
or kobs = k' + kb' [OH-] (5-5) 
kb' and k' were determined from the course of the plot at pH values above 
7 and between 2.9 and 5, respectively. The rate constants amount to k' = 
2.63 · i o - 3 min - 1 and кь' = 1.59 · ίο 5 M - 1 · min - 1 . 
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The hydrolysis of thioureidoglycolate was measured at pH 7.5 in the tem­
perature region from 25° to 45o and the activation energy calculated from the 
Arrhenius plot is 19.7 kcal • mole - 1. Hydrolysis of thioureidoglycolate is a 
reversible process : 
thioureidoglycolate ^ glyoxylate + thiourea 
The equilibrium constant: 
[thioureidoglycolate] 
K = [glyoxylate] [urea] 
was determined at pH 7.5 and amounted to 3.80 at 600, 4.89 at 50°, 6.30 at 40° 
and 7.93 M _ 1 at 300. The enthalpy change Δ H of the reaction was calculated 
d In K(T) Δ Η 
by application of the Van 't HofT equation : = — - . It amounts to 
3 FF 4
 d T R T 2 
+ 4.7 kcal · mole - 1. 
5.2.8 Cation-promoted hydrolysis of thioureidoglycolate 
The influence of bivalent metal ions on the hydrolysis of thioureidoglycolate 
was studied and the same bivalent cations were tested as those promoting the 
reaction of ureidoglycolate. Hg 2 + showed the strongest effect on the hydrolysis, 
followed by Cu2 +, Cd 2 + and Zn 2 + in this order. The rate of hydrolysis at any 
pH value was linearly proportional to the concentration of the cations and 
might be written as equation 5.3. The values of k
m
e at pH 7.9 amount to 
1290, 195, 60 and 8 M - 1 · min - 1 for Hg2 +, Cu2 +, Cd 2 + and Zn 2 +, respectively. 
The values of kme for Mg2+, Ca 2 +, Mn2+, Co 2 + , Ni 2-, Pb2+ and Fe 2 - are less 
then 1.3 M - 1 · min - 1 . Fe 3 + and Cr 3 + had about the same catalytic effect as 
Fe 2 +, whereas monovalent metal ions, e.g. 0.1 M Na + and K+, were without 
effect. 
The pH-dependence of the kme values suggests that the hydrolysis of thiou­
reidoglycolate in the presence of metal ions and at pH values above 7 is cataly­
zed by a concerted action of metal and O H - ions and can be written as: 
kobs = (kb' + *k
m
e [Me2+]) [OH -] 
The values of *kme, in M~2· min - 1, are independent of the pH and are about 
io 6 times higher than the k
m
e values, which are given above and were measured 
at pH 7.9. 
Table 5.3 compiles the various data for the hydrolysis of ureidoglycolate and 
thioureidoglycolate. 
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TABLE 5.3 Comparison of some data obtained in the studies on the hydrolysis of ureidoglycolate 
(UGA) and thioureidoglycolate (TUGA). 
KD represents the dissociation constant of the acid, К the equilibrium constant of the hydro­
lysis, Ea the activation energy and Δ Η the enthalpy change during the hydrolysis. The various 
rate constants ко, к, к', кь' and kme are defined in the text. 
K D 
К 
К 
К 
К 
К 
К 
Ett 
Е
а 
Е
в 
Еа 
Δ Η 
ка 
к 
к' 
кь' 
квк 
кса 
kzü 
kei 
Conditions 
16.5o, ю- 1 M KCl 
100°, pH 7.5 
70°, pH 7.5 
60o, pH 7-5 
50°, pH 7.5 
40o, pH 7.5 
30o, pH 7.5 
Mn 2 + present 
Zn 2 + present 
Cd2 + present 
pH 7.5 and 7.9 
for UGA and TUGA, 
respectively. 
UGA 
5.9 • ю-* 
1.90 
3.62 
5.60 
11.85 
18.4 
15.8 
15-5 
+5.0 
0.108 
4.47 · ю-» 
3.80 · io- 4 
158 
2.6 
8.0 
5.4 
0.6 
TUGA 
6.3· 
3.80 
4.89 
6.30 
7.9З 
19.7 
159 
+4-7 
2.63 
159 
1290 
195 
8 
60 
IO" 4 
IO" 3 
IO5 
Dimension 
M 
м-
1 
м-
1 
м-
1 
м-
1 
м-
1 
м-
1 
kcal · mole - 1 
kcal · mole - 1 
kcal · mole - 1 
kcal · mole - 1 
kcal · mole - 1 
M - 1 · min - 1 
min"1 
min - 1 
M - 1 · min - 1 
M"1· min-1 
M -*· min"1 
M - 1 · min - 1 
M - 1 , min - 1 
5.2.9 (+)- and (—)-ureidoglycolate 
The optical antipodes of ureidoglycolate were prepared with the aid of 
allantoicase bound to Ecteola-cellulose. The specific rotation of (—)-ureido-
glycolate at 365 nm is given as a function of pH in Fig. 5.8. 
On protonation the compound becomes dextrorotatory. The same is true 
if the wavelength is lowered below 300 nm (Fig. 5.9). 
At low ureidoglycolate concentrations (2-20 mg/ml) the specific rotation 
at wavelengths ranging from 365 to 589 nm appeared to obey the equation 
Μχ = faoljt ( I-IOC), where с is the concentration of ureidoglycolate (g/ml) 
and [αο]
λ
 the specific rotation at infinite dilution. [αο]
λ
 is —12.20, —13.00, 
—18.70 and —24.3o for (—)-ureidoglycolate at 578, 546, 436 and 365 nm, res­
pectively. High concentrations of (—)-ureidoglycoIate are dextrorotatory. The 
rotation of 1.6 g sodium (—)-ureidoglycolate in 10 ml water was + 3.33o, 1.67o, 
0.755o a n d 0.615o at 365, 436, 546 and 578 nm, respectively, and the rotations 
became —0.3140, —0.2430, —0.1680 and —0.1570 on tenfold dilution. This 
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FIG. 5.8 Specific rotation of (—)-ureidoglycolate as a function of pH. 
Solutions containing 21 mg (—)-ureidoglycolate per ml were measured. 
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FIG. 5.9 Rotation of ( + ) - and (—)-ureidoglycolate as a function of wavelength. 
Curve 1 refers to (-f)-ureidoglycolate; curve 2 to (—)-ureidoglycolate. pH of the solutions 
was 7.7. Rotations were measured in a i-cm cell of solutions containing 50 mg/ml. 
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effect may be attributed to a strong dipole-dipole interaction between the mole­
cules, as observed for urea (Kresheck, 1969). 
The multiple Cotton effects are shown in Fig. 5.10. In contrast to the Cotton 
effect observed at 208 nm, the Cotton effect at 228 nm depended strongly on 
the concentration and the rotation strength was relatively low at high concen­
trations. 
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FIG. 5.10 Circular dichroism of ureidoglycolate at pH 7.7 measured in i-mm and o.r-mm cells. 
The solutions contained io mg ureidoglycolate per ml. Curves 1 and 2 refer to (—)- and 
(+)-ureidogIycolate, respectively. 
5.2.10 Racemization of ureidoglycolate 
The pH-rate profile given in Fig. 5.11 shows a part with slope —1 at pH 
between 4 and 6. Above pH 7 the hydrolysis of ureidoglycolate becomes pre­
dominant. 
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FIG. 5.11 The pH-rate profile of ureidoglycolate racemization (0 o). 
The logarithm of the observed reaction rate was determined as given in the experimental sec­
tion. Moreover, kobe οι racemization measured in the presence of 0.13 M phosphate ( · — · ) 
and коъв of ureidoglycolate hydrolysis ( ) and of allantoate hydrolysis ( — —) 
are given. 
The observed rate constant of racemization at pH below 7 obeys the equation : 
kobs = k
a
 [H3O+] + к [НзО
+] 
К + [НзО+] (5-6) 
in which К is the dissociation constant of ureidoglycolic acid and ka and к are 
the reaction constants of the acid catalyzed and of the spontaneous racemiza­
tion of ureidoglycolic acid, respectively, k» is 160 M - 1 - min - 1 and к is 0.72 
min - 1 at 22°. 
The effect of 3.5 • ю - 3 M CUSO4 and 3 • ί ο - 2 M MnSO^ on the rate of race­
mization was examined in 3.3 · ί ο - 2 M acetate buffer (pH 5). The small en­
hancement of the disappearance of (—)-ureidoglycolate could be fully accoun­
ted for by the increase of the hydrolytic rate caused by these ions. The same is 
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true for the effect of о 13 M phosphate, shown in Fig. 5 11 The disappearance 
of (—)-ureidoglycolate m the presence of phosphate obeys the equation 
kobs = k0obs + kphospnate [phosphate] (5 7) 
m which k0obs ÍS the observed rate constant m solutions buffered by 3 3 · io~2 M 
succinate, kpuoepnate is equal to the reaction constants for the phosphate 
catalyzed hydrolysis given previously. Therefore, bivalent cations and phos-
phate showed no measurable effect on the racemization of ureidoglycolate. 
5.2.11 Comparison of rate constants 
Table 5.4 represents the rate constants of ureidoglycolate hydrolysis and 
racemization, which are compared with earlier reported values for glyoxylate 
hydration (Vogels and van der Drift, 1970) and allantoate hydrolysis (Vogels 
and van der Drift, 1969). The values were calculated with the aid of the equili-
brium constants of glyoxylate hydration (Kuta and Valenta, 1963), allantoate 
hydrolysis (Vogels and van der Drift, 1969) and ureidoglycolate hydrolysis. 
TABLE 5 4 Comparison of rate constants 
к and k' refer to the neutral and anionic forms of the compounds, respectively 
Substance 
Glyoxylate hydrate dehydration 
Glyoxylate hydration 
Ureidoglycolate formation 
Ureidoglycolate hydrolysis 
Ureidoglycolate racemization 
Allantoate hydrolysis 
Thioureidoglycolate hydrolysis 
Temperature 
22° 
22° 
30° 
30° 
22° 
30° 
30° 
к 
2 3* 
70 
89 
4 47 ю - 3 
072 
8 0 io-3 
к' 
0 43 
0 48 7 
0 28 
3 8о ю- 4 
2 ΙΟ" 4 
i 6 · IO"6 
2 63 · IO"3 
Dimension 
min - 1 
M - 1 min - 1 
M - 1 min - 1 
min-1 
min - 1 
min - 1 
min - 1 
* This value is extrapolated from the rates in the pH region 4 to 6 
It appeared that the rate constants of glyoxylate hydration and ureidoglyco­
late formation are about equal, which indicates that urea and water are bound 
at almost the same velocity. Urea production from allantoate proceeded 
about twice as rapidly as from ureidoglycolate. This result is perhaps due to the 
presence of two ureido groups in allantoate 
The spontaneous hydrolysis of thioureidoglycolate proceeded about 6.5 
times faster than the hydrolysis of ureidoglycolate 
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5.3 DISCUSSION 
5.3.1 Absolute configuration of (+)- and (—)-ureidoglycolate 
In order to decide which of the ureido groups of allantoate is split off by 
allantoicase in the production of (—)-ureidoglycolate, the absolute configuration 
of the latter compound must be determined. With this information the steric 
arrangement of the subsites of the active center of allantoicase can be established. 
Allantoate amidohydrolase from Streptococcus allantoicus transforms allan­
toate into (—)-ureidoglycolate, CO2 and ammonia. This enzyme transforms 
N-carbamoyl-L-asparagine into asparagine, CO2 and ammonia, but the 
D-isomer is not attacked (van der Drift, 1968). This result suggested that the 
intermediary ureidoglycine and (—)-ureidoglycolate are related to the L-families 
of amino and hydroxy acids and must be denominated (Cahn and Ingold, 1951 ; 
Cahn, Ingold and Prelog, 1956) (S)-ureidoglycine and (/?)-ureidoglycolate, 
respectively. However, the occurrence of an optical inversion in the enzymic 
interconversion (van der Drift and Vogels, 1969) of the latter compounds could 
not be excluded. 
Definite evidence for the configuration was derived from the optical rotatory 
dispersion and circular dichroism spectra. Comparison of the Cotton effects 
with those of compounds containing the identical chromophore in the same 
conformational environment, e.g. (R)- and (S)-carbamoylamino acids, revea­
led that the Cotton effect at 208 nm originates from the carboxyl group and the 
Cotton effect at 228 nm must be ascribed to the ureido group (cf. Chapter 2 
and 3). It was concluded from the sign of the Cotton effects that (—)-ureido-
glycolate possesses the 5-configuration and (+)-ureidogIycolate the /?-confi-
guration (Fig. 5.12). 
This result implies that an optical inversion occurred in the transformation 
of ureidoglycine to ureidoglycolate by allantoate amidohydrolase. 
он он 
ΝΗ,-CO-NH^^ \ ^ H H^ \^NH-CO-NH2 
COOH COOH 
θ © 
W - o r R — (-)-orS — 
ureidoglycolate ureidoglycolate 
FIG. 5.12 Absolute configuration of (+)- and (—)-ureidoglycolate. 
The signs of the Cotton effects originating from the ureido and carboxylate groups are in­
dicated. 
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The stenc arrangement of the subsites of allantoicase has been depicted by 
Vogels (1969) and it was assumed that optical inversion did not take place 
in the action of this enzyme 
5.3 2 Hydrolysis and racemization of ureidoglycolate 
The reaction sequence involved in the hydrolysis and racemization of urei­
doglycolate, both described in this thesis, and in the hydrolysis of allantoate 
(Vogels and van der Drift, 1969) and the hydration of glyoxylate (Vogels and 
van der Drift, 1969a) is given in the reaction sequence below, in which R re­
presents COOH or COO-. 
CO-NH 2 CO-NH2 CO — N H 2 
он
 H
*
0
+ о AH " 2 ° . Ν AH I + 1 .. II +Ί _ I + 3 , ^ II + 4 ^ I 
R-CH ^. R-CH -. R-CH -. R - C H ^ ^ R - C H 
1 - 1 + - 2 1 - 3 + - 4 1 
OH NH 2 OH NH2 NH 
I I I 
CO-NH 2 СО-МИг C O - N H 2 
glyoxylate glyoxylate ureidoglycolate allanturate allantoate 
hydrate 
The name allanturate is chosen after Ponomarew (1879) and Beilstein (1942). 
The four reactions proceed most probably by means of the same mechanism 
as given here for the hydrolysis of ureidoglycolate 
о Ч-
0
" о V о Ч-0" 
II I II I II I.» 
^ с . H Х ^ ,, ,,Ον,Η Χ.. ^ ^С^Н .С«:· c-
Η 2 Ν ^ ^Ν-^Η^Ο = ^ = ^ Η 2 Ν^ ^N^H^Ç- = ^ HjN'' № ' Н * О ь 
Η ν - Η Η ^ Η Η ^Η 
σ ο ο 
ι ι ι 
Η Η Η 
The reaction is an example of known processes in which nucleophilic agents, 
urea and water in the above reactions, act on the carbon atom of a > С = О 
group, or a > С = N bond. The second and third reaction represent a Schiff 
base formation, which proceeds via a carbinolamine intermediate (Reeves, 1962; 
Cordes and Jencks, 1962) These reactions result in the establishment of an 
equilibrium, and the formation constants of the carbinolamine products of 
glyoxylate with glycine, ß-alanine, and a-aminoisobutync acid are 57, 19 and 10, 
respectively, at 25o according to Leussing and Hanna (1966) The formation 
constant of ureidoglycolate is about 13 under these conditions 
The mechanism of racemization in this view results from the reversible for-
mation of allanturate, accompanied by a cis-trans isomenzation of this com-
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pound. From the equilibrium constant [alIantoate][H20]/[ureidoglycolate] 
[urea] = 440 (Vogels and van der Drift, 1969), and the rate constants of urei-
doglycolate racemization and allantoate hydrolysis, given in Table 5.4, it ap­
pears that urea is bound to allanturate about 5 times more rapidly than water. 
5.5.3 Cation-promoted hydrolysis of ureidoglycolate 
Metal and phosphate ions affected neither the hydrolysis of allantoate (Vo­
gels and van der Drift, 1969) nor the racemization of ureidoglycolate but did 
promote the hydrolysis of ureidoglycolate and the hydration of glyoxylate. 
The results suggested the involvement of the OH group in the catalytic action. 
It is assumed that metal ions are bound by the carboxyl group and by sharing 
the electron pair of the a-O-atom, thus increasing the reaction rate. This view 
о Ч Л
 2t о ч 2+ о ЧЛ" 2+ 
H I Me2+ Д I Me2 + II I
 b + M e
2 + 
Н 2 Ы^ГН\0' ' = ^ H^-^N-ibo- — HjN-^N-'hKôi-
й ^ - н н ^ Л н
 о
. н 
I I I 
H H H 
is corroborated by the fact that complexes are formed between metal ions with 
both glyoxylate and ureidoglycolate, and by the relationship between the com­
plex constants of α-hydroxy acids and the catalytic enhancement exerted by the 
cations. A similar reaction mechanism was proposed for the metal-ion catalyzed 
decarboxylation of acetonedicarboxylate (Prue, 1952). 
The effect exerted by Hg2 +, Cu2 +, Cd 2 + and Zn2-1" ions on thioureidoglycolate 
hydrolysis indicates that the > С = S group is involved in the metal binding, 
since these ions are known to interact strongly with - SH groups. This suggests 
that another mechanism of cation-promoted hydrolysis is operative for thiou­
reidoglycolate than for ureidoglycolate or that the involvement of the > С = О 
group is less pronounced in the hydrolysis of ureidoglycolate, perhaps as a 
consequence of the different electronegativity of the oxygen and the sulfur 
atoms. Moreover, the pH-dependence of the cation-promoted hydrolysis differs 
for both compounds, since a concerted action of protons and metal ions on 
ureidoglycolic acid was observed in one instance, and a concerted action of 
hydroxyl and metal ions on thioureidoglycolate in the other instance. 
5.3.4 Ureidoglycolate hydrolysis by Мпгл-НРОАг~ complex and by allantoicase 
The ratio between the catalytic effects exerted by phosphate, Mn 2 + and 
Mn 2 f-HPO,) 2 - is about 1:100:500. This indicates that ureidoglycolate bound 
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to Μη 2 + -ΗΡθ4 2 _ is more labile than ureidoglycolate in the Mn2+-ureidoglyco-
late complex. This might result from an enhanced stability constant of the ter­
nary complex. Relatively high stability constants of ternary complexes were 
reported by Sigel, Becker and McCormick (1967) for 2,2'-bipyridyl-cation 
complexes, and by Leussing and Hanna (1966) for Ni 2 +- and Zn2+-glyoxylate 
complexes. 
The specific activity of highly purified allantoicase against (+)-ureidoglyco-
late is about 650 units per mg protein {cf. Chapter 2; Vogels, 1969). Preliminary 
results indicate that about 1 mmole Mn 2 + is present per 11,000 mg of protein 
(van der Drift, unpublished results). If the catalytic action of allantoicase in­
volves formation of the ternary ureidoglycolate-Mn2+-allantoicase complex, 
then k* of this complex will be 7 · io 3, the turnover number of the enzyme. This 
number is 2 · io 7 times higher than the k' value of the noncatalyzed reaction 
and 7 · io" times higher than the k* value of the Mn2+-ureidoglycolate complex. 
The stability constant of the enzyme-substrate complex amounted to 40 
(Vogels, 1969), which is 5 times higher than the stability constant of the Mn 2 +-
ureidoglycolate complex. Therefore, the gap between the enzymic catalysis and 
nonenzymic catalysis is about a factor 14,000, if one only reckons with ureido­
glycolate stability in the complex. This factor might be lower if one takes into 
account the concerted action of metal and hydrogen ions on the hydrolytic rate 
of ureidoglycolate. 
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CHAPTER 6 
C O N F O R M A T I O N O F A L L A N T O I C A S E I N 
A Q U E O U S S O L U T I O N 
The measurements of optical rotatory dispersion and circular dichroism 
spectra have proved to be well-established procedures for the physical-chemical 
characterization of proteins (Urnes and Doty, 1961 ; Blout, Carver and Shechter 
1965; Beychok, 1967; Yang, 1967; Jirgensons, 1969). These procedures provide 
valuable guides for the determination of the degree of α-helical structure present 
in the molecule and the occurrence of β structures and they yield especially 
sensitive indices of alterations in protein conformation. 
Ulmer and Vallee (1963) discussed the identification of characteristic Cotton 
effects generated by symmetrical molecules on interaction with asymmetric 
loci of proteins. Such Cotton effects were employed in the quantitative study of 
the interaction of coenzymes, coenzyme analogs, substrate homologes, and 
inhibitors with enzymes (Ulmer and Vallee, 1961 ; Ulmer, Li and Vallee, 1961 ; 
Li, Ulmer and Vallee, 1962), which permits the investigation of the mechanisms 
of enzymic action and inhibition (Li, Ulmer and Vallee, 1963). 
Metal-containing proteins have proved to be particularly suitable for a further 
exploration of this approach. Since the optical isomers of simple metal-coor­
dination complexes frequently exhibit very pronounced optical rotatory power, 
asymmetric metal-ligand sites of proteins might be expected to generate opti­
cally active absorption bands of sufficient power to be observed above the 
background rotatory dispersion of the protein. 
This chapter deals with the conformation of allantoicase in aqueous solution. 
The influence of pH, urea and inhibitors on the conformation will be discus­
sed with particular attention to the asymmetric enzyme-metal-chelate comple­
xes. 
6.1 MATERIALS AND METHODS 
6.1.1 Materials 
Allantoicase was isolated and purified as described in Chapter 4. Metal-free 
enzyme was prepared by pretreatment of native enzyme with EDTA(i.25 · io~3 
M) for 24 h at 300 and pH 5.85 (van der Drift and Vogels, 1970). 
Si 
Mn2 +-, Cd2+-, Co 2 +- and Cu2+-allantoicases were prepared by incubation of 
metal-free enzyme (about 50 μg) and the appropriate metal ion in a final con­
centration of 4.5 · io~3 M at pH 5.85 for io min at 300. Excess of metal ions 
was removed by exhaustive dialysis against 0.01 M Tris-HCl buffer at 7.5 (van 
der Drift, unpublished results). 
6.1.2 Methods 
The optical rotatory dispersion and circular dichroism spectra were measured 
as given in the Addendum. 
The circular dichroism and rotatory dispersion data of the multiple Cotton 
effect in the aromatic absorption region and the extrinsic Cotton effect at 416 nm 
were interconverted with the aid of the simplified Kronig-Kramers' transfor­
mation (Moflitt and Moscowitz, 1959) as indicated in the Addendum. 
Protein concentrations were determined according to Lowry et al. (1951) 
using bovine serum albumin as a standard and from the extinction at 280 nm 
(E2Bomnm = 1.000 is equivalent to 315 μg allantoicase per ml measured accor­
ding to the method of Lowry et al. (ι951)). Extinctions were measured with a 
Zeiss PMQ II spectrophotometer. 
Ultraviolet absorption spectra were measured with a Beekman DK-2A, ratio 
recording spectrophotometer. 
Infrared spectra* were recorded on the EPI-G2 Hitachi infrared spectro­
photometer. Solutions in 2 Η2θ were prepared with a lyophilized enzyme pre­
paration, dried overnight in vacuo over P2O5 at room temperature. The solu­
tions were measured in cells with AgCl windows. Infrared spectra of the solid 
enzyme were recorded using a thin film cast on an AgCl plate. The solution 
was deposited on a crystal plate of AgCl and evaporated to dryness at room 
temperature in a desiccator over P2O5, first under atmospheric pressure and 
thereafter in vacuo overnight. 
Molecular weights of allantoicase were estimated according to the method 
of Archibald adapted to absorption techniques (De Groot, Reynen and Hoen­
ders, 1969). The Beekman model E analytical ultracentrifuge was used in com­
bination with the electronic scanning system described by van Es and Bont 
(1966). The sedimentation runs were performed at 20° in 0.005 M triethanola-
mine-HCl buffer (pH 7.6), containing io~4 M МпСЬ" 4H2O with rotor speeds 
of 25,980 rpm and 11,272 rpm, for 0.9 S and 10.8 S allantoicase, respectively. 
The partial specific volume was assumed to be 0.74. 
* We are indebted to Mr. L. van der Ven (Technological University, Eindhoven) for measuring 
the infrared spectra. 
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Amino acid analysis* was performed according to the principles of Spack-
man, Stein and Moore (1958) with an amino acid analyzer, extended with the 
automatic sampling apparature as described by Gerding and Peters (1969). 
Hydrolysis was performed in 6 N HCl (Merck suprapur, diluted with H2O) 
during 22 h. Corrections for loss in hydrolysis of threonine and serine were 
made according to Downs and Pigman (1969). Results were computed as given 
by Gerding (1969). Cysteic acid was determined separately (Leggett Bailey, 
1967), according to the method of Moore (1963). The tyrosine/tryptophan ratio 
was estimated** according to the method of Bencze and Schmid (1957). 
6.2 RESULTS 
6.2.1 Amino acid analysis 
The complete amino acid analysis of the enzyme was performed with a ma­
terial which contained about 30% 0.9 S and 70% 10.8 S allantoicase (Table 6.1). 
Since both components are equally active in enzymic tests and can be inter-
converted (6.2.2) it was assumed that the amino acid composition was the same. 
Assuming the presence of one residue of cysteine per molecule of enzyme and 
normalizing the resulting values to the nearest integer, we found the following 
amino acid ratio : 
Aspio Thrs Sers Gluio Pros Glyio Alando Vale Met2(j) Ileu4 Leue Тугз 
Тгуз Phe4 Lyss Hisa Arg4 Cysi. 
Glucosamine was found as a peak emerging between Tyr/Phe and Lys on the 
short column. The identity and quantitative amount of this compound was 
determined by analysis of a calibration mixture, to which a known quantity 
of glucosamine was added on the short column. The amount of ammonia found 
may be ascribed to the presence of AspNHi and GIuNHz. 
On adding the weight of the amino acid residues and the weights of one 
Mn atom and one (two) glucosamine molecule(s), the molecular weight was 
calculated to be 10,962 (11,164), which is in good accordance with the molecular 
weights obtained from sedimentation equilibrium or sedimentation studies 
(11,000 ± 300). 
6.2.2 Separation ofo.ç S and 10.8 S allantoicase 
From sedimentation velocity studies it appeared that the purified enzyme 
preparation contained about 75% 10.8 S, 15% 0.9 S and 10% small particles 
* We thank Dr. J. J. T. Gerding for performance of the amino acid analysis. 
** We are indebted to Dr. H. J. Hoenders for performance of the determination of the tyrosine/ 
tryptophan ratio. 
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TABLE 6.1 Amino acid analysis of allantoìcase. 
Data input 
(Integr. units) 
Asp 
Thr 
Ser 
Glu 
Pro 
Gly 
Ala 
Val 
Met 
He 
Leu 
Туг 
Phe 
Cys 
Try 
Lys 
His 
Arg 
Amm 
Tyr 
Phe 
T + P 
2493.00 
1253.00 
1091.00 
2384.00 
43990 
2416.50 
2802.80 
1887.80 
655.20 
IOOI.IO 
1991.20 
746.40 
944-30 
200.00 
746.40 
1628.00 
721.90 
1246.10 
3655.70 
971.30 
1212.60 
2183.90 
Standard 
(Units/ 
nanomole) 
Asp 
Thr 
Ser 
Glu 
Pro 
Gly 
Ala 
Val 
Met 
He 
Leu 
Тут 
Phe 
Cys 
Try 
Lys 
His 
Arg 
Amm 
Tyr 
Phe 
T + P 
595 
6.16 
6.16 
5.76 
2.23 
6.05 
5-91 
5.86 
6.40 
6.29 
6.25 
6.13 
6.05 
5.00 
6.13 
8.27 
7.50 
7.4З 
590 
7.60 
7.60 
7.60 
Concentration 
(nanomoles/ml) 
(uncorrected) 
Asp 
Thr 
Ser 
Glu 
Pro 
Gly 
Ala 
Val 
Met 
He 
Leu 
Tyr 
Phe 
Cys 
Try 
Lys 
His 
Arg 
Amm 
Tyr 
Phe 
T + P 
419.13 
203.48 
177-17 
413.89 
19709 
39929 
474-09 
322.15 
102.44 
Ι59.Π 
318.59 
121.80 
156.08 
40.00 
121.80 
196.86 
96.28 
167.80 
620.03 
127.80 
15955 
287.36 
Micromoles/ 
sample 
(micromoles) 
(corrected) 
Asp 
Thr 
Ser 
Glu 
Pro 
Gly 
Ala 
Val 
Met 
He 
Leu 
Tyr 
Phe 
Cys 
Try 
Lys 
His 
Arg 
Amm 
Tyr 
Phe 
T + P 
2.10 
1.09 
0.97 
2.07 
0.99 
2.00 
2.37 
1.61 
0.51 
0.80 
159 
0.62 
0.78 
0.20 
0.61 
0.98 
0.48 
0.84 
3-10 
0.65 
0.80 
1.44 
Moles/ 
100 moles 
(mol %) 
(corrected) 
Asp 
Thr 
Ser 
Glu 
Pro 
Gly 
Ala 
Val 
Met 
He 
Leu 
Tyr 
Phe 
Cys 
Try 
Lys 
His 
Arg 
Amm 
Tyr 
Phe 
T + P 
10.17 
5.28 
4.7З 
10.04 
4.78 
9.69 
11.50 
7.81 
2.49 
3.86 
7.7З 
301 
З.79 
0.99 
2.95 
4.78 
2.34 
4.07 
5.04 
З.16 
З.87 
6.97 
Weight per 
amino acid 
(micrograms) 
(corrected) 
Asp 
Thr 
Ser 
Glu 
Pro 
Gly 
Ala 
Val 
Met 
He 
Leu 
Tyr 
Phe 
Cys 
Try 
Lys 
His 
Arg 
Amm 
Tyr 
Phe 
T + P 
241.19 
110.06 
84.85 
267.21 
95-71 
113.90 
168.49 
159.67 
67.20 
90.02 
180.26 
101.37 
114.86 
21.04 
79.90 
126.16 
66.02 
131.05 
52.76 
106.36 
117.41 
0.00 
* Try determined by the method of Bencze & Schmid. 
* Cys determined as cysteic acid. 
* Glucosamin determined separately: 0.32 micromoles/sample. 
Total volume sample in ml 5.00 (short column 5.00) total quantity sample in micromoles 20.611. 
Total weight sample 2218.94 microgram. 
and larger aggregates. The 10.8 S and 0.9 S types of allantoicase were separated 
by centrifugation in a swinging bucket rotor for the time calculated to sediment 
the 10.8 S component. The supernatant contained chiefly ( > 95 %) 0.9 S allantoi­
case and the upper two-third part was used in studies on this component. The pel­
let, which contained chiefly 10.8S allantoicase, was resuspended in a small amount 
of water. 10.8 S allantoicase was separated from the larger aggregates by pre­
parative ultracentrifugation using a linear ^ г О - Н г О gradient with concen­
tration limits from 99.8 % Ή2Ο (d = r. 105) to 5 % 2H20 (d = 1.005) (Fig· 6.1). 
absorbance 
1.0 
0.8-
0.6 
0.4 
0.2 
2 4 6 8 10 12 
fraction number 
FIG. 6.1 Purification of 10.8 S allantoicase by preparative ultracentrifugation. 
A linear Ή ι Ο - H2O gradient with concentration limits from 99.8% Ή2Ο (d = 1.105) to 5 % 
2
Η2θ (d = 1.005) was used. Curve 1 and 2 represent the absorbance at 260 and 280 nm, res­
pectively. 
Fraction 8 {cf. Fig. 6.1) was dialyzed against 0.005 M triethanolamine-HCl 
buffer (pH 7.6), containing 10-4 M MnCU, to remove Ή ΐ Ο . Sedimentation 
studies of this fraction showed that the purified 10.8 S allantoicase was a single 
component (Figs. 6.2.1 and 2, and 6.3.1 and 2) and that 0.9 S allantoicase 
did not contain 10.8 S allantoicase or larger aggregates, but still contained 
a small amount of another component with a low molecular weight. 
The molecular weights* of 0.9 S and 10.8 S allantoicase were estimated accor­
ding to the Archibald method (De Groot, Reynen and Hoenders, 1969) and 
from studies of the sedimentation-diffusion equilibrium, and amounted to 
* We are indebted to Mr. J. С. M. Reynen for performance of the molecular weight, and 
Dr. J. A. L. I. Walters for valuable discussions. 
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FIG. 6.2.1 Scan of absorbance. A, versus radial distance, r, for io.8 S allantoicase before puri­
fication on a heavy water gradient. 
Scanning was performed after 28 min at 59,780 rpm. R = reference point, В = bottom, 
M = meniscus. The buffer was 0.005 M T E A - HCl (pH 7.6), contoining IO"4 M MnCh. 
Concentration of the enzyme was about 0.3 mg/ml. 
11,000 ± 300 and 154,000 ± 8,000, respectively. This suggests that one 10.8 S 
particle might be composed of about 14 0.9 S components. 
Both 10.8 S and 0.9 S allantoicase exposed an enzymic activity towards allan-
toate (specific activity 590 and 690 U/mg protein, respectively). However, we 
cannot exclude the possibility, that interconversion of the two components 
occurred during the enzymic test. 
Purified 0.9 S allantoicase (about 300 μg/ml) dissolved in 0.005 M triethanol-
amine - HCl buffer (pH 7.6), containing ί ο - 4 M MnCh, aggregated to 10.8 S 
and larger aggregates on standing for 3 weeks at 40. Sedimentation studies of 
the resulting solution showed the presence of about 50 % 0.9 S allantoicase, 
45% 10.8 S allantoicase and 5% larger aggregates. On further incubation of 
this solution for 3 days at 4 0 in the presence of 2 % SDS, the 10.8 S allantoicase 
and the larger aggregates dissociated fully into 0.9 S allantoicase. Small particles 
were also formed on incubation of a solution, containing about 300 μg 10.8 S 
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FIG. 6.2.2 Scan ofdAjdr versus r of 10.8 S allantoicase, recorded after 20 min under the same 
conditions as given in Fig. 6.2.1. 
allantoicase per ml in the presence of 8 M urea or 5 M guanidine · HCl for 24 h 
at room temperature. 
6.2.j Optical rotatory dispersion and circular dichroism of 0.9 S allantoicase 
The optical rotatory dispersion and circular dichroism spectra ( ~ 200-600 
nm) of the 0.9 S component of allantoicase were measured in aqueous media 
buffered at slightly alkaline pH. The results are shown in Figs. 6.4, 6.5 and 6.6. 
From the shallow trough at 232 nm, the pronounced peak at 206 nm, and the 
cross-over point at about 220 nm (Fig. 6.4) it was concluded that the major 
conformation of the 0.9 S component is a β structure (Davidson and Fasman, 
1967; Jirgensons, 1969). The circular dichroism spectrum shows a major band 
with a minimum at about 218 nm and a cross-over point at 204 nm (Fig. 6.7). 
These characteristic wavelengths correspond with those observed in various pro­
teins and synthetic polypeptides, for which the presence of the ß-type conforma-
tion had been established by a correlation of optical rotatory, infrared spectros-
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FIG. 6.3.1 As Fig. 6.2.1, but obtained with 10.8 S allantoicase after purification on a heavy water 
gradient. 
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FIG. 6.3.2 As Fig. 6.2.2, but obtained with 10.8 S allantoicase after purification on a heavy 
water gradient. 
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по. 6.4 Optical rotatory dispersion of o.ç S allantoicase in 0.005 M TEA - HCl buffer (pH 7.7), 
containing 10-* M MnCli. 
The concentration of allantoicase was 0.21 mg/ml. The optical pathway was 10.0 mm. 
copie, and X-ray diffraction data (Urnes and Doty, 1961; Fasman and Potter, 
1967; Yang, 1967; Quadrifoglio and Urry, 1968a, b). The corresponding fea-
tures of the optical rotatory dispersion and circular dichroism of the β struc­
ture of poly-L-lysine in aqueous solution are: ORD-trough at 230 nm, peak at 
205 nm, and cross-over point at 220 nm (Davidson, Tooney and Fasman, 1966; 
Sarkar and Doty, 1966); CD-minimum at 217 nm, maximum at 195 nm, and 
cross-over point at 207 nm (Townend et al., 1966). 
Type of β structure (parallel, antiparallel or cross) present in 0.9 S allan­
toicase and the fraction of allantoicase chains present in these structures 
(Pauling and Corey, 1951; Rudall, 1952) cannot be determined conclusively 
at this time, because of the discrepancies in the reference values for the various 
forms (Imahori, i960; Wada, Tsuboi and Konishi, 1961; lizuka and Yang, 
1966; Sarkar and Doty, 1966; Davidson, Tooney and Fasman, 1966). 
59 
Л(пт) 
250 300 350 400 
- _ J I L__l |__^ I I I I l _ _ l I ι ' 
FIG. 6.5 Optical rotatory dispersion of the aromatic chromophores of 0.9 S allantoicase. 
Curve 1 and 2 refer to 0.9 S allantoicase in the absence and presence of 2 ' i o - 3 M hydantoate . 
The concentration of allantoicase was 0.35 mg/ml m 0.005 M TEA - HCl buffer (pH 7.7) 
containing ί ο - 4 M МпСІг. The optical pathway was 10.0 mm. 
The Cotton effect at about 280 nm (Fig. 6.5) is ascribed to the aromatic 
chromophores in the enzyme molecule (Beychok and Fasman, 1964; Rosen­
berg, 1966; Simmons and Glazer, 1967). This Cotton effect is a multiple one 
(Fig. 6.8, curve 1) and was absent in solutions containing about 300 μg 0.9 S 
allantoicase per ml of 8 M urea. 
The Cotton effect at 416 nm (Fig. 6.6) is a positive one as became apparent 
from circular dichroism measurements. It may be caused by the Mn2+-enzyme 
complex present in 0.9 S allantoicase. The Cotton effect decreased about 10 % on 
incubation for 5 h at 40 in the presence of 0.02 M EDTA, while the pH was 
maintained at 7.6 by addition of o.l or 0.01 M NaOH. This decrease is time-
dependent. Under the same conditions the absorption band at 416 nm (Fig. 6.9, 
curve 1) diminished 3, 6 and 18% after an incubation period of 20, 60 and 270 
min at 40, respectively. These phenomena are consistent with the time-depen­
dent removal of Mn 2 + and the decrease of enzymic activity in the presence of 
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FIG. 6.6 Optical rotatory dispersion of 0.9 S allantoicase at wavelengths above 370 nm. 
Curves 1 and 2 refer to pH 7.7 (0.005 M TEA - HCl buffer, containing ιο"* M МпСЬ) and 
4.6 (0.1 M acetic acid-acetate buffer, without Mn2+), respectively. Curve 3 was calculated 
from curve 1, eliminating the 416 nm and 280 nm Cotton effects. The concentration of allan­
toicase was 1.2 mg/ml. The optical pathway was 50.0 mm. 
[ θ' ] (deg· cm2-decimole"110"5) -
+ 4-1 
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λ(ηττΟ 
FIG. 6.7 Circular dichroism of 0.9 S allantoicase at pH 7.7. 
The concentration of allantoicase was 0.11 mg/ml in 0.005 M TEA - HCl buffer, containing 
ί ο
- 4
 M МпСЬ. The optical pathway was 10.0 and 1.0 mm. 
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и о . 6.8 Circular dichroism spectrum of side chain chromophores ofo.ç S allantoicase at pH 7.7 
(0.005 M TEA - HCl buffer, containing 10-* M MnCli). 
Curve 1 and 2 refer to 0.9 S allantoicase in the absence or presence of ю - 4 M N-carbamoyl-
(./{,)-asparagme, respectively. Concentration of the enzyme was 0.61 mg/ml. The optical path­
way was 20.0 and 10.0 mm. 
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FIG. 6.9 Absorption spectra of 0.9 S allantoicase at pH 7.7 (curve 1) and 4.6 (curve 2). 
Curve 3 refers to 0.9 S allantoicase in the presence of 0.1 M glycolate. The same buffers were 
used as given in Fig. 6.6. Per ml 0.30 mg of allantoicase was present. The optical pathway was 
10.0 mm. 
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1.25 ' І 0 _ э M EDTA observed by van der Drift and Vogels (1970). Half of the 
original activity was lost in 10 h on incubation at pH 7.8 and 30°. 
No detectable optical activity accompanied the small absorption bands be­
tween 500 and 600 nm (Fig. 6.9, curve 1). These bands were not observed when 
the solution was incubated in 0.02 M EDTA for 5 h, which indicates that they 
may be ascribed to the Mn2+-complex bands too. 
6.2.4 Optical rotatory dispersion and circular dichroism of 10.8 S allantoicase 
The optical rotatory dispersion curve of 10.8 S allantoicase is shown in 
Fig. 6.10. No absorption band and Cotton effect has been observed at 416 nm 
for this particle. A possible explanation may be that in the case of 10.8 S allan­
toicase the spectral contribution of the metal probe can be reduced considerably 
or even obscured completely as in the metal containing heme or corrin pros­
thetic groups (Vallee, 1968). Above 260 nm this compound (4.7 mg/ml) exposed 
a positive residual specific rotation, which became less positive on a twofold 
[m'](deg--cm2-deeimole"1-10":3) 1 
+ 8η 
+ 6 -
+ 4 -
+ 2 -
0 
- 2 
" 4 Λ 1 1 1 ; 1 1 1 1 1 1 ; 1 τ 1 Η 
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A(nm) 
FIG. 6.10 Optical rotatory dispersion of 10.8 S allantoicase in 0.005 M TEA - HCl buffer 
(pH 7.7), containing to 4 M MnCh. 
The concentration of 10.8 S allantoicase was 2.8 (curve 1) or 4.7 (curve 2) mg/ml. 
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dilution. The reduced mean residue rotation at 320 nm of solutions containing 
4.7, 2.8 or 0.3 mg 10.8 S allantoicase per ml 0.005 M triethanolamine-HCl buffer 
(pH 7.6), containing ю - 4 M MnCh, amounted to +400°, + 1500 or —600°, 
respectively. To our knowledge, this phenomenon has been reported only twice. 
In the case of glutamate dehydrogenase it was attributed to the dissociation 
of polymers into hexamers (Dessen, 1969). The concentration dependent rota­
tion of poly-a,L-glutamic acid is a result of a bathochromic shift of a positive 
Cotton effect at about 196 nm on aggregation (Cassim and Yang, 1967). This 
shift is accompanied by an increase of the positive rotation in the visible region 
of the spectrum and was attributed to the alterations in the compact structure 
of the macromolecules. Because of the prohibitive absorbance of allantoicase at 
wavelengths below 200 nm we were not able to verify this possible explanation. 
Comparison of the optical rotatory dispersion spectra of 0.9 S and 10.8 S 
allantoicase (Figs. 6.4 and 6.10), and of the circular dichroism curves (Figs. 6.7 
and 6.11) revealed only minor differences. The location and depth of the mini­
mum at 222-223 n m ІФ Fig· 6. n ) suggested that 10.8 S allantoicase contains 
a somewhat higher amount of α-helical structure than 0.9 S allantoicase. 
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FIG. 6.11 Circular dichroism spectrum of 10.8 S allantoicase at pH 7.7. 
The concentration of 10.8 S allantoicase was 82 μg/ml in 0.005 M TEA - HCl buffer, contai­
ning ю - 4 M MnCh. The optical pathway was 10.0 and 1.0 mm. 
6.2.5 Influence of preincubation at pH 4.6 on the optical rotatory dispersion and 
circular dichroism of 0.9 S allantoicase 
In a study on the enzymic activity of allantoicase van der Drift and Vogels 
(1970) found that preincubation of the enzyme at pH 4.6-4.7 reduced the 
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activity measured at pH 7.8 to about 50% of the original value. On repeating 
this experiment the activity was reduced to about 25 % activity of the original 
one. This might be accompanied by irreversible changes in the conformation 
or by a dissociation into subunits. 
This led us to study the changes of the optical rotatory dispersion and cir­
cular dichroism of 0.9 S allantoicase during such a preincubation. Comparison 
of Figs. 6.4 and 6.7 with Figs. 6.12 and 6.13, respectively, shows, that prein­
cubation of 0.9 S allantoicase during 15 min at pH 4.6 results in a change of 
conformation. From the shift of the maximum of the rotatory dispersion curve 
from 206 to 200 nm and the appearance of a shoulder at 210-215 nm we con­
cluded that the amount of α-helix structure had increased during the prein­
cubation. The same conclusion was drawn from the shift of the 218-219 nrn 
circular dichroism band (ascribed to a β conformation) with a minimum of 
[m'lCdeg-cm^decimole^-lO"3;-! 
+ 40-1 
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FIG. 6.12 Optical rotatory dispersion of 0.9 S allantoicase after preincubation during 15 min at 
PH4.6. 
Measurements were performed at pH 7.7 in 0.005 M TEA - HCl buffer, containing ί ο - 4 M 
MnClî. The concentration was 85 pg/ml. The optical pathway was 10.0 and 1.0 mm. 
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FIG. 6.13 Circular dichroism spectrum of o.ç S allantoicase after preincubation during 15 mm 
at ρ H 4.6. 
Measurements were performed under the same conditions as given in Fig. 6.12. 
— 5,800 deg · cm2· decimole-1 (Fig. 6.7) to 220-221 nm (Fig. 6.13) specific for 
α-helical conformation with a minimum of—7,800 deg · cm2· decimole-1. The 
calculated amounts of α-helix present under these circumstances are summa­
rized in Table 6.2. Preincubation at pH 4.6 for more than 15 min resulted in 
the formation of a precipitate. The same was observed on repeating the experi­
ment. The precipitate formed at pH 4.6 could not be dissolved by adjusting 
the pH to 7.7. No dissociation into smaller particles could be observed on 
ultracentrifugation of a sample of 0.25 mg 0.9 S allantoicase in 1 ml 0.005 M 
triethanolamine-HCl buffer (pH 7.7) which had been preincubated at pH 4.6 for 
15 min. Preincubation of 0.31 mg 10.8 S allantoicase under these conditions 
resulted in the formation of a precipitate. 
Measurement of the absorption spectra of 0.9 S allantoicase in 0.005 M 
TEA-HC1 buffer (pH 7.6), containing 10-4 M MnCU, and in 0.1 M acetate 
buffer (pH 4.6) indicated a shift of the absorption band at 416 to 393 nm 
(Fig. 6.9). The absorption bands between 500 and 600 nm present at pH 7.6 
were not observed in the solution at pH 4.6. These shifts in the spectra were 
instantaneous and reversible. The absorption band at 393 nm was not accom­
panied by a detectable CD band as opposed to the Cotton effect observed 
for the absorption band at 416 nm {cf. Fig. 6.6). The molecular extinctions 
(вгаах) of the absorption bands at 416 nm and 394 nm amounted to 8,000 
mole - 1· c m - 1 and 9,000 mole - 1· cm - 1 , respectively. 
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The above results indicate that the halving of the enzymic activity during 
preincubation at 4.6 was not accompanied by a removal of Mn 2 + from the 
enzyme or by a dissociation of enzyme molecules. However, we observed an 
irreversible increase in the amount of α-helical structure and a reversible alte­
ration in the mode of Mn 2 + binding at pH 4.7. 
6.2.6 Inhibitor-induced changes in the optical rotatory dispersion of allantoicase 
Vogels (1969) examined a number of compounds for competitive inhibition 
in order to study the specificity of the binding subsites of allantoicase. It seemed 
worthwile to study the interaction of some inhibitors with the enzyme by means 
of spectrophotometry, optical rotatory dispersion and circular dichroism. We 
chose N-carbamoyl-(Ä)-asparagine (pKi = 4.03), one of the most potent 
inhibitors tested, and the optically inactive substances, glycolic acid (pKi = 
2.59) and hydantoic acid (pKi = 2.51). 
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по. 6.14 Circular dichroism spectra of 0.9 S allantoicase in the absence (curve I) and presence 
ο/2·ιο~3 Mhydantoate (curve 2) andz-io-3 M N-carbamoyl- (R)-asparagine (curve 3) at pH 7.6. 
The concentration of 0.9 S allantoicase was 0.35 mg/ml in 0.005 M triethanolamine-HCI 
buffer. The optical pathway was 10.0 mm. 
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The positive Cotton effect at 416 nm diminished about 10% on addition of 
N-carbamoyl-(Ä)-asparagine or hydantoate (Fig. 6.14). 
Upon addition of an excess (0.1 M) neutralized glycolic acid to 0.9 S allan-
toicase the intensity of the 416 and 278 nm absorption bands decreased by 
2 5 % at 416 nm and 10% at 278 nm, as compared with 0.9 S allantoicase at the 
same concentration {cf. Fig. 6.9). 
Since the circular dichroism spectra of 0.9 S allantoicase, measured in the 
presence and absence of hydantoate under equal conditions, could be super-
imposed in the wavelength region 215 to 240 nm, it seems unlikely that the 
inhibitor induced a gross change in the protein conformation. 
In the region of side chain chromophores of the enzyme, the circular di-
chroism is resolved into several positive bands at 258, 275, 282, 288 and 294 nm. 
The magnitudes of the bands at 282, 288 and 294 nm were reduced to about 
half of the original value in the presence of 10-4 M N-carbamoyl-(Ä)-aspara-
gine, whereas the band at 258 nm increased to about twofold strength 
(Fig. 6.8). Under the conditions applied about 40% of the enzyme will be bound 
to the inhibitor. This result strongly indicates that the Cotton bands at 294, 
288, 282 and perhaps also the one at 275 nm are absent in the enzyme-inhi-
bitor complex. Hydantoate exerted a similar effect and the Cotton effects for 
the enzyme material at about 280 nm were greatly decreased in the presence 
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n o . 6.15 Plot of the results of titration of 0.9 S allantoicase with N-carbamoyl-(R)-asparagine 
(0-0-0-0) or hydantoate ( · - · - · - · ) . 
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of this inhibitor (Fig. 6.5). In the case of N-carbamoyl-(/î)-asparagine a cor-
rection was made for the intrinsic rotation of this compound. Performing the 
same experiment with N-carbamoyl-(S)-asparagine we observed no change 
of the circular dichroism and optical rotation in the region 250 to 450 nm when 
0.9 S allantoicase was tested in a ί ο - 4 M solution. 
The interaction between 0.9 S allantoicase and the inhibitors hydantoate 
and N-carbamoyl-(Ä)-asparagine can be analyzed by utilizing the increasing 
levorotation at 400 nm. The interaction on 0.9 S allantoicase (E) and inhibitor 
(I) can be formulated as follows: 
E + I ^ EI 
Κι = И [Π 
[EI] 
Assuming that the change in the rotation at 400 nm for any given molar 
ratio of the inhibitor to allantoicase is directly proportional to the fraction of 
allantoicase which is associated with the inhibitor molecule, the following 
equation is obtained : 
J_ - _L = K ' _ _L 
Δα - [EI] _ [E]t[I] _ [E]t 
in which [E]t = [E] + [EI]. A linear relationship has been obtained between 
Δ α calculated and Δ α observed (Fig. 6.15). 
6.2.7 Optical rotatory dispersion and circular dichroism of metal-free enzyme 
and some metalloallantoicases 
Optical rotatory dispersion and circular dichroism measurements were per­
formed with the metal-free enzyme and with the enzyme, in which Mn 2 + was 
replaced by Cd2 +, Cu 2 + and Co 2 + . Since only small amounts of these enzymes 
were available, reliable ORD and CD spectra could be measured only in the 
wavelength region from about 200 to 240 nm. The differences in the ORD 
spectra in this wavelength region were small, but the CD spectra showed 
differences in the location of the minima of the curves (Fig. 6.16). 
The metal-free enzyme exhibited negative circular dichroism bands at about 
208 and 222 nm due to π 0 - π - and ni- π - amide transitions, respectively (Holz-
warth and Doty, 1965; Breslow, Beychok, Hardman and Gurd, 1965; Holz-
warth, 1965). These ellipticity bands and the distinct notch at 215 nm suggested 
the presence of α-helical structure. Since the amount of metal-free enzyme used 
was about 50 Hg/ml, the intensity of the пі-π - circular dichroism amounted to 
—10,000 deg - cm2· decimole-1. From the reference values of —32,000 deg-
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по. 6.16 Circular dichroism of metal-free enzyme and some metalloallantoicases. 
Curve ι refers to metal-free enzyme, curve 2 refers to Cd2+- and Mn2+-allantoicase and cur­
ves 3 and 4 refer to Co2+- and Cu2+-allantoicase, respectively. The concentration of the metal-
free enzyme and the metalloallantoicases was 50 pg per ml. The optical pathway was 10.0 mm. 
All measurements were performed with enzyme solutions in 0.01 M Tris - HCl buffer, pH 7.5. 
cm
2 -decimole - 1, indicating 100% α-helix and +3,100 deg " cm2 , decimole-1 
for 0% α-helix structure {cf. Addendum) it appeared that the metal-free enzyme 
contained about 30 % α-helix. The Co2+-enzyme also exhibited a notch at 215 nm, 
but less distinct than the one that is characteristic for the α-helical structure in 
synthetic polyamino acids (Beychok, 1967). The Cu2^-enzyme exposed a band at 
222 nm and only a very small shoulder at about 210 nm. The Cd2 +- and Mn 2 +-
enzyme showed a minimum at about 219 nm, which indicates the presence 
of still another ordered structure than the α-helix. Mn2 +- and Cd2+-allantoicases 
show the highest enzymic activity, followed by the Cu 2 +- and Co2+-enzymes, 
whereas the metal-free enzyme is without activity (van der Drift and Vogels, 
1970). The amount of α-helical structure appears to increase in the same order. 
Quantitative measurements of the amount of α-helical structure in the various 
metalloallantoicases could not be performed because the exact concentrations 
of the enzyme were not known. 
6.2.8 Infrared absorption of 0.9 S and 10.8 S allantoicase 
Infrared spectra of 0.9 S and 10.8 S allantoicase were measured in heavy 
water(the amidelbandat і . б о о ^ 1,700 c m - 1 and the amideIIband at i ,500~ 
1,550 cm-1) and in solid state (the amide V band at 600 ~ 700 cm-1), (Figs. 6.17 
a and b). The amide bands are frequently used for conformational diagnosis, 
since the correlations between frequencies and conformation have been well 
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FIG. 6.17а Infrared spectra of 0.9 S and 10.8 S allantoicase in heavy water. 
Curve 1 and 2 represent 0.9 S and 10.8 S allantoicase, respectively. The concentration was 1 mg 
enzyme per ml. 
FIG. 6.17b Infrared spectra of 0.9 S and 10.8 S allantoicase in the solid phase. 
Curve 1 and 2 represent 0.9 S and 10.8 S allantoicase, respectively. 
established for several proteins (Miyazawa and Blout, 1961; Miyazawa, 1962, 
1967; Tsuboi, 1964; TimashefT, 1966; Masuda, 1963, 1969). Little or no diffe­
rences were observed between the spectra of 0.9 S and 10.8 S allantoicase. 
The amide I band is characterized by a peak near 1,632 c m - 1 and a weak 
shoulder at 1,650 cm - 1 . According to the specifications of Miyazawa and Blout 
(1961) the first band indicates the presence of β structure, the second band the 
presence of α-helix structure. Interpretation of the absorption in the amide II 
region in Ή ζ Ο solutions is more difficult, because of the overlapping of ionized 
carboxyl groups in the solution. Miyazawa (1962) proposed the use of the 
amide V band for better diagnosis especially when various conformations 
coexist, as is true for allantoicase. Significant differences exist (Masuda, 1963) 
among the frequencies of the amide V band of the α-helix (610 ~ 620 cm - 1 ) , 
β structure (690 ~ 700 cm - 1 ) and disordered form ( ~ 650 cm - 1 ). The amide V 
band of allantoicase is characterized by weak peaks at 610 and 698 cm - 1 , and a 
shoulder at 650 cm - 1 (Fig. 6.17 b). These characteristics are indicative of the 
presence of disordered structure, the β structure and α-helix structure in allan­
toicase. This result is in accordance with the results obtained in studies on the 
optical rotatory dispersion and circular dichroism. 
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6.2.9 Analysis of the optical rotatory dispersion of 0.9 S and 10.8 S allantoicase 
The estimation of the amount of α-helical conformation of 0.9 S and 10.8 S 
allantoicase was performed by means of three different methods. The results 
are represented in Table 6.2. In all instances poly-a,L-glutamic acid was used 
as a reference compound and it was assumed that a linear relationship exists 
between the features measured and the α-helix content. Detailed information 
on the methods is given in the Addendum. 
TABLE 6.2 Rotatory constants of 0.9 S and 10.8 S allantoicase in aqueous solution. 
Protein or polypeptide pH b 0 % A(a, p) »93) А^, ρ) 225 H193 H225 [ΘΊ220 % 
0.9 S allantoicase 7.6 —123 18 
0.9 S allantoicase 4.6 —170 25 
10.8 S allantoicase 7.6 
poly-a,L-glutamic acida 4.3 —630 100 +2900 
poly-a,L-glutamic acidb 7.1 +50 о 
+ 545 
+ 677 
-
h 2
— 7 5 0 
—445 
— 542 
-
—2050 
—60 
35 
39 
-
100 
0 
19 
25 
-
100 
0 
—5,700 16 
— 7,800 22 
— 7,500 21 
—32,000 100 
+ 3,100 0 
»Assumed to be 100% helical. bAssumed to be 0% helical. 
Application of the Moffitt-Yang method (Moffitt and Yang, 1956) and the two-
term Drude equation as modified by Shechter and Blout (1964) did not yield 
linear plots for allantoicase due to the presence of the extrinsic and aromatic 
Cotton effects. Therefore, we measured the circular dichroism spectra of 
these chromophores and calculated their contribution to the rotatory dispersion 
by application of the Kronig-Kramers' transformation (cf. Addendum). The 
rotatory values obtained were substracted from the original rotatory dispersion 
spectra and in this way, linear plots were obtained. The results obtained by 
these three different methods agree fairly well. 
No linear relation was found between H193 and H225 in a plot according to 
Shechter and Blout (1964). This proves that structures other than α-helix and 
random coil are present in the enzyme, which is in accordance with the data 
presented in 6.2.8. 
6.3 DISCUSSION 
The relationship between the secondary, tertiary and quaternary structure 
of allantoicase and the ability of the enzyme molecules to function catalytically 
is one of the subjects under investigation. Therefore, we studied the amino acid 
composition, infrared spectra, optical rotatory dispersion and circular di­
chroism spectra, and the behavior in the ultracentrifuge. 
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The amino acid composition of allantoicase does not show notable deviations 
from most proteins known in literature (Eck and Dayhoff, 1966; Goldsack, 
1969). The acidic amino acid residues, glutamic acid and aspartic acid, are 
more prevalent in the sample than the basic ones, lysine, histidine and arginine; 
the ratio of the acidic residues is about twice that of the basic ones. The total 
molecular weight calculated by adding the weights of the amino acid residues, 
of one manganese atom and of two glucosamine molecules is 11,164, which is 
in good agreement with the molecular weights (11,000 ±300) obtained from 
sedimentation studies. 
From ultracentrifugation studies it appeared that at least two enzymically 
active types of allantoicase are present with sedimentation coefficients 0.9 S 
and 10.8 S. Both types exhibited about the same specific activity towards allan-
toate, the same infrared spectra in heavy water and in solid state, and their optical 
rotatory dispersion and circular dichroism spectra differed only little. These 
observations suggest a very close resemblance between these two forms of the 
enzyme. On standing 0.9 S allantoicase aggregated to 10.8 S allantoicase and 
larger components. On further incubation of the resulting solution in the 
presence of sodiumdodecyl sulfate the reverse reaction occurred. 
For the interpretation of the rotatory dispersion and of the ellipticity of allan­
toicase, three classes of electronic transitions are important: 
1. transitions in the peptide chromophore, 
2. transitions in the amino acids with side chain chromophores, and 
3. transitions in the manganous complex. 
From the characteristic optical rotatory dispersion, circular dichroism, and 
infrared features of 0.9 S and 10.8 S allantoicase, we concluded that β structure, 
α-helix and random coil conformations were present in each. Quantitative results 
are given in Table 6.2. Correlation of optical rotatory dispersion data and 
infrared characteristics did not permit us to identify a particular type of β 
structure (parallel-, antiparallel- or cross-ß conformation). An estimate of the 
amount of β structure must await the assessment of the contribution to over­
all rotatory properties of the protein by the rotatory characteristics of amino 
acid residues (Tanford, 1967) and of structures other than the β structure and 
the α-helix (Litman, 1965; Ruitenberg, 1965; Balasubramanian, 1967), in 
addition to the effects of aggregation, environmental factors and specific 
differences between β structures (Fasman, i960; Davidson, 1966; Greenfield, 
1967). The characteristics of the optical rotatory dispersion (trough at 230 nm 
and peak at 205 nm) suggest that the Mn2"r-enzyme behaves as a form Ι-β 
polypeptide according to the classification of Fasman and Potter (1967). 
Preincubation for 15 min at pH 4.6 resulted in an enhancement of the 
amount of α-helical structure measured at pH 7.7 from 16-19% originally 
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to 22-25% after preincubation (Table 6.2). This treatment reduced the enzymic 
activity to about half the original value. 
Comparison of the α-helix contents of some metalloallantoicases showed 
that the enzymes with low helix contents exhibited high enzymic activi­
ties. The amount of α-helix present in metal-free allantoicase was estimated 
to be 30%. 
Allantoicase showed a multiple Cotton effect at wavelengths between 250 
and 300 nm. In this wavelength region phenylalanyl, tryptophanyl or tyrosyl 
residues exhibit conformation-dependent Cotton effects (Beychok, 1966) as a 
consequence of the hindered rotation around the α-carbon atom. No exact 
interpretation of these spectra can be given at the moment, since high resolution 
circular dichroism spectra are available only for a few proteins. The aro­
matic Cotton effects of allantoicase were strongly influenced by the addition 
of inhibitors, e.g. hydantoate (Fig. 6.5) and N-carbamoyl-(Ä)-asparagine (Fig. 
6.8). The detailed information obtained for the latter substance showed that 4 
or 5 Cotton bands decreased strongly and were perhaps absent in the enzyme-
inhibitor complex, whereas one band located at 258 nm increased. A slight 
decrease of the absorbancy at 280 nm was observed on addition of the inhibitor 
glycolate to the enzyme (Fig. 6.9). These data suggest that the inhibitors strong-
ly influenced the environment of some aromatic groups of the enzyme. A 
similar change in the aromatic region was observed by Glazer and Simmons 
(1966) with lysozyme on the binding of the competitive inhibitor N-acetyl-D-
glucosamine. The gross structure of the enzyme appeared not to be affected mar-
kedly by these inhibitors of allantoicase, since no differences in the circular 
dichroism spectra were observed in the wavelength region 215-240 nm. N-car-
bamoyI-(5')-asparagine, which did not inhibit the enzyme, did not change 
circular dichroism and optical rotation in the 250-450 nm region. 
As pointed out previously, the binding of Mn2+ to the enzyme appeared to 
be accompanied by a relatively small decrease of the α-helix content of the 
enzyme. More information on the mode of Mn 2 + binding was revealed from 
a study of the absorption, ORD and CD spectra at wavelengths above 400 nm. 
Two effects on these spectra were studied in more detail: addition of in­
hibitors and lowering of the pH. 
Lowering of the pH of an allantoicase solution to 4.6 resulted in a shift of 
the maximum of the absorption band at 416 nm (ε,πβ = 8,ooo mole - 1 , cm - 1 ) 
to 394 nm (£394 = 9,000 mole - 1· cm - 1 ). Simultaneously a slight decrease of the 
aromatic absorption bands occurred. In contrast to the absorption band at 
416 nm, the band at 394 nm exposed no circular dichroism spectrum ([Θ']«ΐ8 = 
+140 deg' cm2· decimole-1). The shift is reversible and the original band at 
416 nm reappeared if the pH was adjusted again to 7.6. Both bands have 
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molar absorption coefficients indicative of charge-transfer reactions (Jorgensen, 
1957; Asmussen and Soiling, 1957; König and Schläfer, i960). We must con-
clude that Mn2+ is bound to the enzyme both at pH 7.6 and 4.6, but that a 
distinct alteration in the mode of binding occurs upon lowering the pH. 
This alteration is associated with the loss of enzymic activity occurring in the 
pH region from 5 to 6 (Vogels, 1969; van der Drift and Vogels, 1970). However, 
both forms of the Mn2+-enzyme complex seem to bind the substrates with 
equal effectiveness, since the Km value of the substrates do not alter in the pH 
region from 4.6 to 7.6. 
The addition of competitive inhibitors resulted in a slight decrease of the 
absorption (Fig. 6.9) and circular dichroism (Fig. 6.14) bands at 416 nm ; the ab-
sorption spectrum at 280 was also slightly lowered, but the circular dichroism 
bands around 280 nm were strongly affected. The positive Cotton effect with 
a maximum at 418 nm diminished about 10% upon addition of N-carbamoyl-
(Ä)-asparagine or hydantoate. The Ki values of the inhibitors were determined 
from the change of the optical rotation observed in the presence of various 
amounts of inhibitors and the values obtained agree well with those resulting 
from enzymic studies (Vogels, 1969). 
The results are consistent with the idea that the binding of competitive 
inhibitors causes alterations in the state of ligands in the active center of the 
enzyme-Mn2+ complex and that simultaneously the environment of certain 
aromatic groups is strongly affected by placement of these chromophoric resi-
dues out of an asymmetric environment. These groups may play an essential 
role in the binding of subtrates and inhibitors by the complex. 
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CHAPTER 7 
A L L A N T O I C A S E A N D T H E M E C H A N I S M O F ITS 
C A T A L Y T I C A C T I O N 
The studies presented in the previous Chapters were undertaken in order to 
obtain information pertinent to the interpretation of the enzymic reaction of 
allantoicase of Ps. aeruginosa. They were initiated against the background of a 
series of previous reports on the enzyme by Vogels and his collaborators. In 
this Chapter we shall discuss the enzymic catalysis of allantoicase by combining 
the information reported in the previous chapters with other relevant evidence. 
7.1 THE ENZYME ALLANTOICASE 
7.1. ι Occurrence and function of allantoicase 
The enzyme allantoicase (allantoate amidinohydrolase, EC 3.5.3.4) was 
found independently by Krebs and Weil (1935) in frog liver and by Brunei 
(1936) in the mycelium of Aspergillus niger. It occurs widely in nature and has 
been found in many microorganisms, animals and plants (cf Vogels, 1963; 
Trijbels, 1967; van der Drift, 1968). 
The enzyme forms an important link in the purine metabolism, in which 
purines are converted via xanthine, uric acid, allantoin, allantoic acid, ureido-
glycolic acid ( + urea) to glyoxylic acid ( + urea). Trijbels and Vogels (1966) 
demonstrated that allantoicase from Ps. aeruginosa catalyzes the conversion 
of allantoate into (—)-ureidoglycolate and urea, and of (+)-ureidoglycolate 
into glyoxylate and urea (Scheme 7.1). 
Moreover, the conversion of ureidoglycolate to glyoxylate and urea can be 
brought about by ( + ) - or (—)-ureidoglycolases, which are present in several 
microorganisms (Trijbels, 1967). (—)-Ureidoglycolase is also found in crude 
cell-free extracts of Ps. aeruginosa. In addition to allantoicase the enzyme 
allantoate amidohydrolase is known to convert allantoate into ureidoglycolate 
(Vogels, 1963; van der Drift, 1968). It is distinguished from allantoicase by 
the production of ammonia and CO2, instead of urea. 
γ.1.2 The structure of the enzyme 
Isolation and purification of allantoicase (Chapter 4) made it possible for us to 
study the conformation of the enzyme. Ultracentrifuge studies showed that the 
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Scheme 7.1 Degradation of allantoate byPs. aeruginosa (full lines) andPs. acidovorans (dotted 
lines). 
enzyme is composed of two major forms (0.9 S and 10.8 S), which could be 
separated by means of a linear 2 H20-H 2 0 gradient (6.2.2). Both components 
had the same specific activity against allantoate. On standing part of the 0.9 S 
was transformed into 10.8 S allantoicase, whereas treatment of 10.8 S allan-
toicase with 2 % SDS resulted into appearance of 0.9 S allantoicase. Most pro­
bably 10.8 S allantoicase is composed of 0.9 S particles. 
The molecular weights of the two components were determined according 
to the method of Archibald by absorption techniques and amounted to 11,000 ± 
300 and 154,000 ± 8,000 for the 0.9 S and 10.8 S molecules, respectively. Similar 
values were obtained from the amino acid analysis (molecular weight 11,164; 
6.2.1) and from determination of the amount of metal ion present per molecule 
(1 mmole Mn2+/io,8oo mg protein, unpublished results of van der Drift). The 
amount of metal ions was determined by binding studies with 5 4 Mn and by the 
atomic absorption technique. The results suggest that one 10.8 S particle might 
be composed of 14 0.9 S molecules. 
No differences were observed between the two components in infrared studies 
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of the amide I, II and V bands (6.2.8). Small differences in the optical rotatory 
dispersion and circular dichroism spectra in the far ultraviolet region indicated 
a somewhat different helix content of the two components. It was observed 
that the rotatory dispersion of 10.8 S allantoicase is dependent on concentra-
tion. High concentrations ( > 4.7 mg/ml) showed a positive rotation above 
260 nm, which became negative on dilution to about 0.3 mg/ml. 
7./.5 Some relevant properties of the enzyme 
Concurrent studies proved that metal ions form an integral part of allan-
toicase and are required for its catalytic functioning (van der Drift and Vogels, 
1970). The firm association between metal ion and protein and the small and 
integral number of metal ions bound per mole of the pure enzyme indicate 
that the enzyme is a metalloenzyme according to the classification of Vallee 
(1955). It displays a rather broad metal specificity, which will be discussed 
below. 
Under special conditions {viz. pretreatment of the enzyme at pH 4.7 in the 
presence of 8 i o _ 2 M citrate) it was possible to remove Mn2+ion from the en-
zyme molecule. As a consequence the activity disappeared fully, but could be 
restored with varying effectiveness on addition of Mn2+ and nearly all other 
bivalent cations (van der Drift and Vogels, 1970). 
Besides affecting the activity, metal ions strongly influenced the stability 
of the enzyme. Ni2+, Co2+, Cd2+ and Mn2+, and to some extent also Pb2+, 
Cu2+, and Be2+, protected the enzyme against heat inactivation, whereas Ag+, 
Mg2+, Ca2+, Zn2+, Sn2+, Ba2+, Al3f, Cr34", Fe3+, La3+, Ce3+ and Ce4+ did not 
protect against heat inactivation. 
Another property of allantoicase, which influenced the course of our study, 
was described by van der Drift and Vogels (1970). On pretreatment of the 
enzyme at pH 4.6 the activity was reduced to half the original value. The same 
result was obtained with metal-free enzyme at pH values between 4.7 and 7.8. 
Substrate molecules and also certain inhibitors attributed further to the heat 
stabilization and prevented the reduction in activity at pH 4.6 fully or partially. 
7.2 THE REACTIONS CATALYZED BY ALLANTOICASE 
7.2.1 Specificity of the enzymic reaction 
Although many other possible reactions were tested by Vogels, (1969), he 
was unable to find other reactions catalyzed by allantoicase besides those 
given in Scheme 7.1. We demonstrated that the hydrolysis of thioureidoglycolate 
was catalyzed by allantoicase at about 10 % of the rate for (±)-ureidoglycolate. 
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A 4:1 ratio between the catalytic activity against allantoate and (±)-ureido-
glycolate was observed (van der Drift and Vogels, 1970). Since ( + ) - and 
(—)-ureidoglycolate are bound to the enzyme with equal strength, only half 
of the enzymaticly active sites are available for the catalytic hydrolysis of 
(+)-ureidoglycolate when (i)-ureidoglycolate is used as a substrate. There­
fore the ratio between the catalytic activity against allantoate and (+)-ureido-
glycolate must be 2:1. 
7.2.2 Equilibrium 
The reactions catalyzed by the enzyme result in the establishment of 
equilibria. Some of the equilibrium constants were measured by the use of 
catalysts, e.g. allantoicase (Trijbels, 1967), (—)-ureidoglycolase from Strepto­
coccus allantoicus (Gaudy and Wolfe, 1965), or Ζ η 2 μ ions (Trijbels, 1967). The 
values of the equilibrium constants reported by the various authors are com­
piled in Table 7.1. 
Although the data are not fully consonant as a result of the inaccuracy in the 
differential glyoxylate analysis applied and the shift of equilibrium as a result 
of the dilutions necessary to perform this analysis, it is clear that the equilibrium 
TABLE 7.1 Compilation of equilibrium constants. 
Hydrolysis of 
pH of measurement 
Author 
Equilibrium constants ( M - 1 ) at various temperatures 
Allantoate Ureidoglycolate Thioureidoglycolate 
1.4 7-5 7.5 7-5 8.4-8.8 
(1) 
100° 
75° 
70° 
6 0 o 
50° 
40° 
36° 
3 0 o 
21° 
Δ Η of equilibrium 
(kcal · mole-') 
2.7 
3-5 
-
-
-
-
7.З 
-
8.6 
+ З.5 
( 2 ) 
4.5-5-1 
(3) (2) (4) 
1.90 
3.62 -
5.60 
11.85 7-4 
+ 5.0 
7-5 
7-5 
(3) 
3.80 
4.89 
6.30 
7.9З 
+4-7 
(ι) Vogels and van der Drift, (1969). 
(2) Trijbels, (1967); Trijbels and Vogels, (1967). 
(3) This thesis, (5.2.1 and 5.2.7). 
(4) Gaudy, Bojanowski, Valentine and Wolfe, (1965); Gaudy and Wolfe, (1965). 
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constants of the three reactions are almost equal and independent of pH. This 
idea is consistent with the view that these reactions proceed along a similar 
reaction mechanism in which urea, thiourea or H2O compete as nucleophilic 
agents acting on the carbon atom of the > С = О or > С = Ν — group of glyo-
xylate and allanturate, respectively (5.3.2). 
It has been proposed (Vogels, 1969) that the enzymic reaction would pro­
ceed according to the following reaction sequence: 
E + S ^ ES, ES + H 2 0 ^ EP + urea, EP ^ E + Ρ 
in which E is the enzyme, S is allantoate or (+)-ureidoglycolate and Ρ is (—)-
ureidoglycolate or the hydrated form of glyoxylate. Both S and Ρ are bound 
reversibly to the enzyme. Since the Km values of allantoate, (ii-ureido-
glycolate and glyoxylate are about equal, these compounds which appear to 
compete for the same active site of the enzyme, are bound with about equal 
strength. In the bound form the equilibrium S + H2O ^ Ρ + urea is established 
either via a one-step or a two-step mechanism. In a two-step mechanism, a 
dehydrated form of P, glyoxylate or allanturate, is an intermediate. Since the 
Km value of urea is immeasurably high, it was suggested (Vogels, 1969) that 
this compound is not bound directly to the enzyme. This reaction proceeds 
probably via a 'hit-and-run mechanism' (Reiner, 1964). 
The equilibrium position of the first reaction, E + S ^ ES, is almost inde­
pendent of temperature since the Km was virtually constant between 100 and 
700 (Vogels, 1969). 
7.2.3 Activation energy 
The activation energies of the spontaneous hydrolysis of allantoic acid, 
ureidoglycolate and thioureidoglycolate are 20.9 (Vogels and van der Drift, 
1969), 18.4 (5.2.1) and 19.7 (5.2.7) kcal · mole - 1, respectively. The values for 
the Zn 2 + and Mn 2 + ions-promoted hydrolysis of ureidoglycolate amount to 
15.5 and 15.8 kcal · mole - 1, respectively (5.2.2). The activation energies of the 
allantoicase-catalyzed hydrolysis of allantoate and ureidoglycolate are 12.7 
kcal · mole - 1 (Vogels, 1969) and 12.4 kcal · mole - 1, respectively. 
Figs. 7.1.1 and 7.1.2 represent reaction coordinate-enthalpy diagrams for 
allantoate and ureidoglycolate degradation by allantoicase. 
In these Figures the reaction between allantoate or ureidoglycolate (S) and 
allantoicase (E) proceeds through an activated complex (ESτ4) before the 
enzyme-substrate complex (ES) is formed. The latter compound undergoes fur­
ther activation leading via a second activated complex (ΕΧτ4) to an enzyme-
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product complex (EP), and the latter dissociates to enzyme and product (P) 
after passing through a third activated complex (EP#). The data plotted along 
the ordinate in Fig. 7.1. ι are taken from Vogels (1969) who determined the 
Δ Η (absolute value lower than 0.9 kcal · mole - 1) of the formation of the ES 
complex and the activation energy (12.7 kcal • mole - 1) of the enzymic hy­
drolysis and from Vogels and van der Drift (1969) who determined the Δ Η 
(3.5 kcal · mole- 1) of the chemical hydrolysis of allantoate into urea and 
ureidoglycolate. 
7.2.4 Effect ofpH 
The hydrolysis of ureidoglycolate, allantoate and thioureidoglycolate is 
strongly dependent on pH. Below pH 5 the hydrolysis of allantoate and ureido­
glycolate increases, whereas thioureidoglycolate hydrolysis appears to be un­
affected. The rate constants of ureidoglycolate and thioureidoglycolate hydro­
lysis indicate that the hydrolysis of the anionic form proceeds about 7 times 
faster in the case of thioureidoglycolate. Urea production from allantoate 
proceeds about twice as rapidly as from ureidoglycolate. 
The enzyme shows an optimal activity in the pH region from about 6 to 9 
and the enzymes from different sources have similar pH optimum curves 
(Trijbels, 1967). pK
m
 and maximal specific activity of allantoicase with allan­
toate or (±)-ureidoglycolate as substrate were studied as a function of pH by 
Vogels (1969). The pK
m
 values for both substrates are independent of pH 
below pH 8.5, and the maximal specific activity was constant above pH 6.0. 
Below pH 6.0 the logarithm of the maximal specific activity, and above pH 8.5, 
the values of pK
m
 obey the rules of Dixon and Webb (1964), and the slopes of 
the lines changed from 0 to + 1 or — 1 .It appears that O H - ions behave as 
competitive inhibitors. A group with pK. 9.4 in the active site is deprotonated or 
binds hydroxyl ions. H^ ions act as noncompetitive inhibitors and a group 
of the ES complex with a pK value of about 6.0 seems to play a part in the 
catalytic action of the enzyme. It was suggested that these pK. values refer to the 
formation of a Mn 2 + -OH - complex (pK 9.4) and the breaking of one of the 
Mn2+-enzyme bonds of the ES complex (Vogels, 1969; van der Drift and Vo­
gels, 1970). 
The ratio of the rates of allantoate and (+)-ureidoglycolate hydrolysis by 
allantoicase is 2:1. The same ratio is observed in the spontaneous hydrolysis 
of allantoic acid and ureidoglycolic acid. This may may mean that the mecha­
nisms of the chemical reaction and enzymic reaction involved the same inter­
mediates. 
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7-3 THE ACTIVE SITE OF ALLANTOICASE 
7.3. ι Specificity of the binding subsites 
The specificity of the binding subsites of the enzyme could be deduced from 
an extensive study of competitive inhibitors (Vogels, 1969). The results of his 
measurements of the Ki values of these inhibitors of the allantoicase reaction 
can be summarized as follows: 
1. AH inhibitors are anions, and the most potent inhibitors contain a carboxy-
late group. 
2. (Ä)-a-hydroxy acids are bound strongly. 
3. (Ä)-amino acids and glycine are bound rather strongly. 
4. N-carbamoyl-(/?)-amino acids are strong inhibitors. 
Vogels (1969) observed that the pKi or pKm values can be calculated by adding 
or substracting the pKi or рКщ values of the particular groups in the molecule. 
The results of this study are summarized in Scheme 7.2. Following the dashed 
arrow the pKi or pK
m
 value are calculated by adding the values indicated for 
the groups separately. It is important to note that the effect of the groups must 
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Scheme 7.2 Specificity of the binding cubsites of allantoicase. 
The surface of the enzyme is thought to be located in the left and lower part of the Figure. 
The steric formulas of allantoate and the other substrates are given in the right upper part, 
and an arrow indicates the bond which is most probably cleaved. The steric arrangement of 
the subsites is similar to that given for allantoate. The figures given refer to the contribution 
of each group to the pKi and pKm values of the molecule (see text). If OH is present at this 
position the dashed arrow must not be followed further. Moreover, the effect of this group is 
canceled by the presence of a second anionic group in the molecule. The contribution of the 
amino group at this position is only valid if H or one of the indicated groups is present in 
the right lower part of the Figure. 
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be read in a definite direction, which probably indicates that binding of the 
substrates occurs in the same direction. If the compound concerned does not 
contain one of the groups indicated at the right position, further calculation 
should be stopped, and the pKi of pKm value calculated at that moment is the 
right value. It is notable that the Km values of the substrates allantoate, ureido-
glycolate and glyoxylate are relatively low, which may indicate that the par-
ticular inhibitors in this situation bear a closer resemblance to the transition 
state than the substrates do (Wolfenden, 1969). 
Allantoicase of Ps. aeruginosa catalyzes the conversion of allantoate (diurei-
doacetate) into (—)-ureidoglycolate and urea, and of (+)-ureidoglycolate into 
glyoxylate and urea, from which it is evident that allantoicase is stereospecific. 
The stereospecificity of allantoicase can manifest itself in two distinct ways: 
1. The enzyme can distinguish between stereoisomers. This is demonstrated by 
the ability to differentiate between the two antipodal forms of the optically 
active substrate (Hirschmann, 1964) as shown by its exclusive catalysis of the 
hydrolysis of (+)-ureidoglycolate. 
2. The enzyme can distinguish, within the symmetric allantoate molecule, 
bonds that differ merely in their steric relationship to the remainder of the mole-
cule. In this case stereospecificity implies that allantoate must be bound to the 
enzyme in a very specific way. This would imply that the enzyme has several 
binding subsites with affinity for particular groups in the substrates. 
The steric arrangement of the subsites could be deduced from inhibitors with 
known absolute configuration, but to decide which of the ureidogroups from 
allantoate is split off by the enzyme it was necessary to determine the absolute 
configuration of ureidoglycolate. Relatively large quantities of (+)- and (—)-
ureidoglycolate were obtained with the aid of allantoicase bound to Ecteola-
cellulose (Chapter 5). Furthermore, general rules were derived which are applica-
ble to the determination of the absolute configuration of N-acylamino acids and 
the structurally related ureidoglycolate (Chapter 2). These rules revealed that 
(+)- and (—)-ureidoglycolate are (R)- and (5)-ureidoglycolate, respectively. 
The subsites of the enzyme can now be written in terms of complementary 
loci. The stereo arrangement of these loci is given in Fig. 7.2, in which A' is the 
site where the reaction occurs. 
7.3.2 Metal ions involved in the reaction 
Allantoicase is a metalloenzyme containing manganese or other bivalent ions 
in the active site. 
In order to obtain a better insight in the reaction we studied (Chapter 5) 
the metal-ion promoted hydrolysis of ureidoglycolate, thioureidoglycolate and 
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Fig. 7.2 Schematic representation of the interaction of (R)-ureidoglycolate with the enzyme 
surface according to the Ogston concept. 
allantoate. In contrast to the hydrolysis of the first two compounds the hydro­
lysis of allantoate is not susceptible to catalysis of bivalent cations. This sug­
gests that the OH group may be essential for cation-promoted hydrolysis. 
Anion-promoted hydrolysis is only observed with phosphate ions in the case of 
ureidoglycolate. Table 7.2 compiles the data observed for the effect of various 
metal ions on the allantoate degradation by allantoicase and allantoate amido-
hydrolase (van der Drift and Vogels, 1969) on the nonenzymic hydrolysis of 
ureidoglycolate (5.2.2) and thioureidoglycolate (5.2.8) and on the dehydration 
of glyoxylate hydrate (Vogels and van der Drift, 1970). No effect of metal 
ions is observed on the racemization of ureidoglycolate (5.2.10) and on the 
hydrolysis of allantoate (Vogels and van der Drift, 1969). 
In Chapter 5 we proposed a mechanism for cation-promoted hydrolysis of 
ureidoglycolate which involves a chelation of the metal ion to the OH and 
COO~-groups. The complex formed in this manner, results in a weakening 
of the a-carbon-nitrogen bond. Allantoate forms also complexes with metal 
ions, but this seems not to result in a significant weakening of the a-carbon-
nitrogen bonding. 
The metal ion-promoted hydrolysis of thioureidoglycolate was only measu­
rable in the instance of Hg2 +, Cu2 +, Cd 2 + and Zn 2 + . From the effect of these 
cations on thioureidoglycolate hydrolysis, it seemed likely that the > С = S 
group is involved in the binding of this group of cations and that another 
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TABLE 7.2 Effect of metal ions on the indicated reactions. 
Ions 
_ 
Be 2 + 
Ba 2 + 
Ca 2 + 
Fe2+ 
Sn I + 
Ni 2 + 
Hg 2 + 
Pb 2 + 
Zn 2 + 
Mg 2 + 
Co2+ 
Cu2 + 
Cd2 + 
Mn 2 + 
Fe 3 + 
Allantoicase* 
8 
8-3 
19.7 
7° 
76 
82.5 
106 
123 
123 
140 
193 
322 
360 
378 
55-6 
Allantoate** 
Amidohydrolase 
7 
5 
9 
4 
20 
78 
53 
3 
9 
24 
8 
73 
100 
Hydrolysis of 
ureidoglycolate 
0.2 
23-3 
2.3 
2.6 
2.8 
5-4 
8.1 
1.7 
8.0 
0.6 
0.7 
23.З 
kme values (M-1 -min 
Hydrolysis of 
thioureidoglycolate 
1290 
8 
195 
70 
< i . 3 
-
1) 
Dehydration of 
glyoxylate · hydrate 
1.12 · IO4 
2.42 · i o ' 
1.21 · [ 0 s 
2.56· IO5 
1.44- ΙΟ3 
8.5 · io 2 
* Specific activities at pH 7.8 (van der Drift and Vogels, 1970). 
** Relative activities at pH 8.5 (van der Drift and Vogels, 1969). 
mechanism of cation-promoted hydrolysis is operative as in the instance of 
ureidoglycolate. These effects may be due to the different electronegativity of 
the О and S atom. 
7.3.3 The different specific activities of various allantoicases 
All the various metalloallantoicases tested exhibited a distinct, but different 
specific activity (Table 7.2). We will now discuss some possible explanations 
for the differences observed. 
a. The different specific activities for allantoate are not due to an altered 
activity for this substrate alone, since the ratio of the reaction rates for 
allantoate and (ii-ureidoglycolate was always 4:1 for Mn2+-, Co 2 +- and Zn 2 +-
allantoicase (van der Drift and Vogels, 1970). 
b. The same allantoicases show a similar susceptibility for the competitive 
inhibitors N-carbamoyl-(Ä)-asparagine, N-carbamoyl-(/{,5)-serine, (Ä)-as-
paragine and glycolate (van der Drift and Vogels, 1970). This indicates that the 
relative affinities for these inhibitors and for the substrates are not greatly 
altered by the substitution of the metal ion. 
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c. Concurrently with this study, the metal content of various metalloallan-
toicases was determined by van der Drift (unpublished results). He found always 
one mole of metal ion per 11,000 mg of protein for Cu2+-, Zn2+-, Co 2 +- and 
Mn2+-allantoicase. So, the different specific activities are not a result of a dif­
ferent metal ion content. 
d. We determined (6.2.7) the relative helix contents of four metallo-allan-
toicases and the metal-free enzyme. 
Comparison of the α-helix contents of the metalloallantoicases showed that the 
enzymes with the lower helix contents exposed the higher enzymic activities. 
The amount of α-helix present in the metal-free enzyme was estimated to be 
30%. Presumably the change in conformation induced by a particular metal 
ion favours the catalytic action of the enzyme. 
e. Fig. 7.3 shows the relationship between the ionic radii of the ions involved 
and the specific activity measured at pH 7.8 (van der Drift and Vogels, 1970). 
A maximal activity is observed for bivalent metal ions with radii between 0.75 
and 0.95 Â units. 
f. The metal dependence of allantoicase is shown in Table 7.1. This sequence 
is totally different from that observed in the hydrolysis of ureidoglycolate 
(5.2.2) in the absence of allantoicase. Therefore, the sequence for the catalytic 
activity of the various metals in the enzyme cannot be explained by merely 
considering the cations as Lewis acids. 
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FIG. 7.3 Specific activity of allantoicase as a function of bivalent ionic radii. 
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TABLE 7.3 Effect of cations on the activity of the metal-free enzyme at pH 7.8. 
The incubation mixture at 30o contained per ml, 212 цтоіез sodium allantoate, 208 цтоіез 
triethanolamine-HCl buffer (pH 7.8), 2.4 pg metal-free enzyme, 0.2 цтоіе EDTA and the 
appropriate metal ion in a final concentration of 1.2 · ю - 3 M. The specific activity of native 
enzyme was 418 units/mg protein. 
Cation (1.2 · ιο- 3 Μ) — Be2+ Ba1+ Ca2 + Fe 2 + Sn2+ Ni 2 + Pb 2 + 
Specific activity 
(Units/mg protein) 8 8.3 19.7 70 76 82.5 106 123 
Cation (1.2 · ίο- 3 M) Zn2+ Mg2+ Co 2 + Cu2+ Cd2 + Mn2 + Fe 3 + 
Specific activity 
(Units/mg protein) 123 140 193 322 360 378 55.6 
The above considerations show that the different specific activities of various 
allantoicases for allantoate and (±)-ureidoglycolate are not due to an altered 
activity for this substrate. Also the relative affinities for the substrates are neither 
greatly altered by the substitution of the metal ion, nor are they a result of a 
different metal ion content. Thus we conclude that the differences depend on 
the change in conformation of the enzymes induced by a particular metal ion. 
This change is probably maximal for metal ions with radii between 0.75 and 
0.95 Â units. 
7.3.4 The binding of Mn2+ to the enzyme 
The dissociation constant of the Mn2+-enzyme complex was determined from 
the protective effect of Mn2+ at various temperatures (van der Drift and Vogels, 
1970). The observed value of 3 ' ί ο - 5 M indicates that the metal ion is bound very 
strongly. The protective effect against heat inactivation exerted by allantoate 
and to a lesser extent by some competitive inhibitors suggests that these com­
pounds enhance the binding strength of the metal ions. 
EDTA does not inhibit the enzymic reaction at pH 7.8 (van der Drift and Vogels, 
1970). However this compound and various other metal-binding agents, such 
as 1,10-phenanthroIine, α,α'-dipyridyl, 8-hydroxy-chinoline, cysteine and 
dithiothreitol, cause a rather slow inactivation of the enzyme, which can be 
restored by the addition of metal ions. The inhibition by chelating agents is 
attributed generally to the binding or removal of an essential metal. However, 
some of these agents may also act in another way, e.g. the inhibition of rabbit 
muscle aldolase by 1,10-phenanthroline was demonstrated to be the result of 
oxydation of essential sulfhydryl groups (Kobashi and Horecker, 1967), and 
the polymerization of tobacco mosaic virus subunits was retarded by the pre-
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sence of EDTA (Shalaby and Lauffer, 1967). Since a large group of chemically 
unrelated chelating agents affect the allantoicase activity in a similar way, it is 
most likely that the effect is due to their ability to bind an essential metal, 
rather then to some other property. The inactivation is a first-order reaction 
and results in the formation of a metal-free enzyme (van der Drift and Vo­
gels, 1970). Since EDTA and other chelating agents do not inhibit the reaction 
itself, the inactivation proceeds most probably along the following steps: 
(Allantoicase) Mn ^ Allantoicase + Mn 2 1 
Mn 2 + + Chelating agent ^ (Chelating agent) Mn 
In accordance with this assumption we demonstrated (6.2.3) that the Cotton 
effect and the absorption band of the enzyme located at 419 nm disappear on 
treatment of the enzyme with EDTA and that the velocities of this reaction 
and of the inactivation process are about the same. 
The stability of the native enzyme as a function of pH was studied by van der 
Drift and Vogels (1970). They observed that the enzyme showed no loss of 
activity after pretreatment for 10 or 30 min at 300 at pH values between 5.6 
and 12. A rapid inactivation took place at pH above 12 and below 3.8. At pH 
values between 3.8 and 5.6 about half of the original activity remained. The 
rate of inactivation at pH 4.7 was retarded in the presence of either Mn 2 +, allan-
toate, glyoxylate or(±)-ureidoglycolate. The inactivation rate was further decrea­
sed, when the substrates were tested in the presence of Mn 2 + . Allantoicase, which 
had lost about 50 % of the activity by a treatment at pH 4.7, was stable at pH 7.8 
both in the absence and presence of Mn 2 - , but a second pH shift back to 4.7 
lowered the enzymic activity to about 25 % of the original activity. 
A similar phenomenon was observed for the metal-free enzyme. The highest 
stability was measured at pH 5.85, and both below and above this pH rapid 
inactivation occurred. Again half of the original activity remained on pro­
longed treatment. No stabilizing of the metal-free enzyme by allantoate at pH 
4.7 or 7.8 was observed. 
It has been suggested (van der Drift and Vogels, 1970) that halving of the 
activity of allantoicase at pH 4.7 proceeded via formation of metal-free enzyme. 
The protective effect exerted by the substrates was thought to be the result of a 
stabilization of the enzyme-Mn2~ complex, as was also observed in the experi­
ments on the heat inactivation. 
Our results presented in 6.2.5 indicate that this treatment at pH 4.7 is accom­
panied by an irreversible enhancement of the amount of α-helical structure, by 
a reversible shift of the absorption band at 416 nm to 393 nm, by a reversible 
disappearance of the Cotton effect at 416 nm, but not by a dissociation of the 
enzyme molecules into smaller subunits. Therefore, the halving of the activity 
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of the Mn2+-enzyme at pH 4.7 is most probably not a result of a removal of the 
cations, but more likely results from an alteration in the Mn2! binding. In this 
altered structure reactions occur which influence both the activity as well as the 
tertiary structure. Similar reactions may occur in the metal-free enzyme at pH 
values between 4 and 8. 
7.3.5 Ligands involved in the Mn2+ binding 
Previous studies (Vogels, 1969; van der Drift and Vogels, 1970) showed that 
two kinds of inhibitors can be distinguished : 
a. inhibitors whose structures resemble those of the substrates 
b. inhibitors, which exhibit almost no similarity with the substrate molecules. 
The first group is discussed in 7.3.1. Inhibitors of the second group, e.g. oxalate, 
phosphate and citrate, show a strongly pH-dependent competitive inhibition 
which increases on lowering the pH. The catalytic process and the inhibiting 
effect are represented by the equations : 
E + S ^ E S ^ E P ^ E + P 
E + 1 ^ EI EI + H ·• ç* EIH-
The increase of this inhibition results from a concerted action of inhibitor and 
H+ ions. The latter ions protonate a group of the enzyme-metal complex with 
a dissociation constant, Ka, which appears to be influenced by the presence of 
the inhibitors. Such a group may serve as a ligand to the manganous ion, or 
may be sufficiently close to the metal, so that upon its protonation the metal is 
made more available to the chelating agent. No unequivocal conclusion as to 
the chemical nature of the manganese-binding groups of allantoicase can be 
drawn from the present data. It is very likely that the inhibitors influence the 
dissociation constant of the same group which is also affected by the substrate 
molecules and the various metal ions (van der Drift and Vogels, 1970). The 
dependence of the Ka value on the kind of metal ion present in the active site 
indicates that the group with this Ka value contains oxygen, e.g. a hydroxyl or 
carboxylic group. Protonation of this group does not affect the Km value of 
allantoate and therefore, not the binding strength of allantoate to the enzyme. 
This would suggest the involvement in the catalytic mechanism of a Mn2+-0 
group which must be part of the enzyme-metal complex, since the pK values 
of the substrates and the competitive inhibitor oxalate are much smaller than 6. 
Spectrophotometric and spectropolarimetric studies showed that the com-
petitive inhibitors of the type discussed in 7.3.1 influence the 416 nm absorption 
and Cotton bands which are characteristic for the enzyme-bound Mn2+. 
Therefore it seems likely that this ion is involved in the binding of these inhibi-
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tors and most probably of the substrates too. The addition of competitive inhi­
bitors resulted in slight decreases of the absorption and circular dichroism 
spectra at 416 nm (6.2.6) and we were able to demonstrate that the fraction of 
allantoicase bound to inhibitor molecules is directly proportional to the change 
in the rotation at 400 nm (6.2.6). 
Simultaneously the absorption spectrum at 280 nm was slightly lowered but the 
circular dichroism bands around 280 nm were strongly affected by the addition 
of inhibitors, e.g. hydantoate and N-carbamoyl-(i?)-asparagine (6.2.6). The 
gross structure of the enzyme appeared to be not affected markedly by these 
inhibitors of allantoicase, since no differences in the circular dichroism spectra 
were observed in the wavelength region 215-240 nm. Therefore, it is plausible 
to assume that the aromatic chromophores are located at or near the active 
site and possibly are ligands of the Mn 2 + ion. 
Furthermore, the effects of pH on the stability of the enzyme (7.3.4) showed 
that the binding of Μη 2 τ to the enzyme is affected by a group of the enzyme 
with a pK value at about 5.5 to 6.0, but that protonation of this group does not 
result in a removal of the Mn 2 + ion from the enzyme molecule. At pH values 
below 4.7 Mn 2 + is still bound to the enzyme, but the rapid inactivation of the 
enzyme below 3.8 is most probably accompanied by a removal of Mn 2 + . 
Allantoicase is susceptible to photo-inactivation (van der Drift and Vogels, 
1970) and it follows that at least one histidine, tyrosine or methionine group 
is involved in the catalytic action. This susceptibility to photo-inactivation is 
independent of pH. The photo-oxidation of histidine groups is claimed to be 
pH dependent (Westhead, 1965). Even though an exception has been reported 
(Hoffee, Lay, Pugh and Horecker, 1967), it seems reasonable to assume that 
no histidine group was involved. Circular dichroism studies of the interactions 
between the enzyme and inhibitors revealed that the circular dichroism band 
around 280 nm was strongly affected, which indicates that tyrosine or trypto­
phane are located at or near the active site. Whether tyrosine or tryptophane is 
involved in binding could be escertained by the use of substances generating 
extrinsic Cotton effects (Kagan and Vallee, 1969), but these experiments have 
not been carried out by us. 
The results discussed in this section strongly indicate that one or two car-
boxylate groups and one aromatic group (probably tyrosine or tryptophane) 
are involved in the binding of Mn2*- to the enzyme. It seems reasonable to 
assume a three-point interaction between the substrate and the enzyme-bound 
metal atom, however, it cannot be excluded that only a two-point interaction 
between metal-ion and enzyme surface takes place and that one ligand of man­
ganese is still hydrated. 
More information on the nature and exact number of the amino acid residues 
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involved i η the metal binding to be obtained from the application of some mo­
dern analytical techniques, e.g. nuclear magnetic resonance, electron spin 
resonance and by extension of the optical rotatory dispersion and circular 
dichroism measurements, will be required to elucidate this problem. 
7 4 MECHANISM OF ENZYMIC CATALYSIS 
7.4.1 Vallee's entât ie state 
The principal biological functions of the metalloenzymes studied so far referred 
either to electron transfer or hydrolysis reactions. These catalytic functions are 
related to the metal ion or to particular side chains of the enzymes. These side 
chains have an atypical character in terms of structural or electronic abnormalities 
when compared to similar residues in analogous model substances or in cata-
lytically inert regions of the protein. This character is defined as a state of 
entasis: the existence in the enzyme of an area with energy, closer to that of a 
unimolecular transition state than to that of a conventional, stable molecule, 
thereby constituting an energetically poised domain (Vallee, 1968). 
For allantoicase the entatic state may be characterized by the difference of its 
absorption and circular dichroism spectra with that of simple complexes of the 
same metal. The difference between the properties of metalloallantoicases and 
simple metal complexes might be thought to reflect the constraints imposed 
in the former by a specific secondary and tertiary structure of amino acid side 
chains serving as their multidentate metal ligands. In metalloallantoicases the 
metal and its ligands should be considered to generate the entatic state jointly. 
For example, the metal-ligand pair could well be an extremely effective acid-
base system for cooperative attack, both being in a condition close to that of the 
intermediate state for their normal reactions and removed from a position of 
minimum free energy, as seen in the models. 
7.4.2 Transition state analogues for the catalysis of allantoicase 
Important information on the action of enzymes has arisen from crystallo-
graphically determined ground state structures of enzymes, substrates and 
enzyme-inhibitor complexes (Phillips, 1967). Because the conformation of an 
enzyme may change during the catalytic event, it would be desirable also to 
study structures approaching the transition state of the catalyzed reaction. An 
approach to such a study was suggested by Pauling (1946) and has been perfor-
med by Wolfenden (1969), which is based on the theory of absolute reaction rates 
(Glasstone, Laidler and Eyring, 1941 ) and which may be stated as follows : an ideal 
inhibitor, which perfectly resembles in its binding properties the substrate part of 
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the transition state for the enzymic reaction, should be bound more tightly to the 
enzyme than the substrate to the extent that the rate of the enzymic reaction exceeds 
that of its nonenzymic counterpart. This may explain why some inhibitors of 
allantoicase are bound more strongly than the substrates, e.g. the binding con-
stant of N-carbamoyl-^Äj-asparagine is about 250 times higher than that for 
the substrate. Since the hydrolytic rate of ureidoglycolate bound to the Mn2+-
enzyme complex is about 14,000 χ higher than when it is bound to free Mn 2 + 
(5.3.4), N-carbamoyl-^Ä^-asparagine must be a nearly ideal inhibitor and must 
resemble strongly the transition state of the substrate during the enzymic 
reaction. 
7.4.3 Ternary complexes 
We have shown in Chapter 5 that the hydrolysis of ureidoglycolate is strongly 
enhanced by appropriate metal ions or a combination of phosphate and appro-
priate metal ions. This catalytic eifect of phosphate and metal ions may involve 
formation of a ternary complex in which the electron density about the a-C-N 
bond of ureidoglycolate is greatly reduced and the chemical bond correspon-
dingly weakened enabling the reaction to occur (Pullman, 1959 and 1963), 
depending upon the environment. Wagner-Jauregg et al. (1955) demonstrated 
that one ligand within a ternary complex can exert such an effect on the other 
that the reaction velocity is markedly affected, e.g. the hydrolysis of diisopropyl 
fluorophosphate was catalyzed through several Cu2+ complexes among which 
the 1:1 complex of Cu2+-bipyridyl was especially effective. Similar observations 
were made by Courtney et al. (1957), and Gustafson and Martell (1962), who 
studied the Cu2+-chelate-catalyzed hydrolysis of isopropyl methylphosphono-
fluoridate and by Moriguchi (1966), who studied the catalytic hydrolysis of 
oligophosphates by complexes of Cu2+-ethylenediamine and Cu2+-poly-L-
lysine. 
It has been shown that in the formation of ternary complexes with the same 
Me MeL 
ligands К > К (Bjerrum, 1950). In the formation of ternary com" 
MeL MeLi 
MeL' Me 
plexes with different ligands (L, L') sometimes К > Κ , i.e. the 
MeLL MeL 
tendency for complexing L' by a MeL complex is even larger than by the hydra-
ted metal ions (Sigel, 1967; Sigel and Griesser, 1967; Sigel, Becker and Mc 
Cormick, 1967). They demonstrated that the complexing tendency of the 
bipyridyl complexes of Co 2 + , Ni2-1" and Zn 2 + is of the same order as that for 
the so-called free, viz, hydrated metal ions, but the complexing tendency of 
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Cu2 h-bipyridyl is even greater than that of free Cu 2 +. This effect has also been 
found for other ligands by l'Heureux and Martell (1967). 
The following stability constants of the ternary allantoicase-Mn2+-substrate 
complex were measured by us : 
Mn [MnL] 
Mn + L ^ MnL, К MnL [Mn] [L] 
Allantoicase · Mn + L ^ Allantoicase · Mn · L, 
Allantoicase · Mn [Allantoicase · Mn • L] 
Allantoicase · Mn · L [Allantoicase · Mn] [L] ' 
in which L represents the substrate molecules ureidoglycolate and allantoate. 
The difference in the stabilities of the binary and ternary complexes are expres­
sed by the general equation : 
Allantoicase • Mn Mn 
Δ log К = log К — log К 
Allantoicase · Mn · L Mn · L 
From the pK
m
 values of ureidoglycolate (1.58) and allantoate (1.60), and the 
complex constants of Mn 2 + with ureidoglycolate (8.1) and allantoate (1.7) 
we calculated Δ log K, which amounted to +0.67 and + 1.37 for ureidogly­
colate and allantoate, respectively. This means that the ternary complexes of 
allantoicase · Mn with ureidoglycolate and with allantoate are 4.8 and 23 times 
more stable than the corresponding binary complexes of Mn. The relatively 
higher stability of the enzyme-Mn2+-allantoate complex than the allantoate-
Mn2^ may also explain why this substrate is only hydrolyzed by the enzyme 
molecule and not measurably by metal ions. 
The hydrolytic rate of ureidoglycolate bound in the Mn2"-ureidoglycolate 
complex appeared to be 260 times higher than that of free ureidoglycolate 
(5.2.6); the hydrolytic rate of ureidoglycolate in the ureidoglycolate-Mn2 h-
HPO.»2- complex was 1400 times higher than that of free ureidoglycolate. If the 
catalytic action of allantoicase involves formation of the ternary ureidoglyco-
late-Mn2+-allantoicase complex then the hydrolysis of ureidoglycolate pro­
ceeds 2 • io 7 times faster than that of free ureidoglycolate. Therefore, the 
discrepancy in the rates of enzymic catalysis and nonenzymic catalysis is about 
a factor 14,000, if one only reckons with ureidoglycolate stability in a ternary 
complex (5.3.4). We believe that this discrepancy might be lower if the other 
interactions occurring in the active site could also be taken into account. 
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7-5 CONCLUDING REMARKS 
The data presented in this thesis prove that manganese plays a central role 
in the enzymic mechanism of allantoicase. The metal ion is an integral part of 
the enzyme as shown by studies with radioactive S4Mn-labeled enzyme and 
atomic absorption techniques. The dissociation constant of the Mn2+-enzyme 
complex was determined from the protective effect of Mn2+ at different tempe-
ratures. The observed value, 3 • i o - 5 M, indicates that the metal ions is very 
tightly bound. Under special conditions it was possible to remove Mn2+ ions 
from the enzyme, with concomittant loss of enzymic activity. The activity 
could be restored with varying effectiveness by addition of Mn2+ and a number 
of other bivalent cations, which confirms that metal ions are essential for the 
enzymic activity. 
The role of manganese may be manifold, consisting in part in facilitating 
formation of the complex between ureidoglycolate of allantoate and protein, 
in part in stabilizing the intermediates in a form that can undergo the desired 
reaction, and in part in providing an electro-positive group in addition to that 
of the protein itself that facilitates the electron displacements that are required 
for the reaction catalyzed by the system. 
The involvement of enzyme-metal-substrate complexes was first proposed 
by Helleman and Stock (1938) and recently direct evidence for the existence of 
these complexes has been obtained by nuclear magnetic resonance (Mildvan, 
Leigh and Cohn, 1967; Mildvan and Scrutton, 1967a en b). Direct evidence for 
FIG. 7.4. Model of the allanloicase-Mn^-ureidoglycolate complex. 
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the existence of the aliantoicase-Mn24 -substrate complex in solution has not 
been obtained, but our results strongly support the existence of such a complex 
as an intermediate in allantoicase catalysis. 
On the basis of the data obtained in this study the enzyme-substrate complex 
can be represented schematically as given in Fig. 7.4. From the study on the 
metal ion-promoted hydrolysis of ureidoglycolate and thioureidoglycolate 
(5.2.8) it seems reasonable to assume a three-point interaction between the 
substrate and the enzyme-bound metal atom. The studies of the interaction 
of the metal ion with the enzyme suggest that also in this case a three-point 
interaction occurs. However, the possibility that only a two-point interaction 
between metal-ion and enzyme surface takes place and that one ligand of man-
ganese is still hydrated can not be excluded. 
In this thesis we have tried through a detailed physicochemical and bioche-
mical study of metal chelate systems to clarify the nature and role of the active 
site of the metalloenzyme allantoicase. The study of biocatalysis is at once one 
of the most important and fascinating areas of biochemical research and also 
one of its most complex fields. Progress in this field can only come from the 
joint application of organic chemical, physicochemical and biochemical know-
ledge and techniques. Our study must be seen as a modest attempt in this 
direction for one particular enzyme. 
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S U M M A R Y 
In this thesis an approach has been made to the understanding of the me­
chanism of an enzymic reaction. 
Chapter ι gives a review of the main routes open for this purpose and gives 
our justifications for the choice of allantoicase of Pseudomonas aeruginosa for 
this study. 
Chapter 2 deals with the interrelation between the chiral-optical effects and 
the absolute configuration of N-acylamino acids, which are structurally related 
to ureidoglycolate, a substrate of the enzyme. General rules for this interrelation 
are derived. 
In Chapter 3 the isolation and some properties of (—)-allantoin are described. 
The results of the foregoing chapter enable the elucidation of the absolute con­
figuration of this compound, which is proved to be (R)-3.ììantoin. 
In Chapter 4 a purification procedure is developed which permits the prepa-
ration of relatively large quantities of a homogeneous enzyme material. The 
procedure is based on the heat stability of the enzyme in the presence of Mn2+ 
ions and involves precipitation by acetone and chromatography on Ecteola-
cellulose. 
Chapter 5 deals with the non-enzymic hydrolysis of ureidoglycolate. Special 
attention is paid to the catalytic effect exerted by bivalent cations. The Mn2+-
ΗΡθ42~ complex promotes the hydrolysis more strongly than do Mn 2 + and 
HPO4 2 - when tested separately. This may result from an enhanced stability 
constant of the ternary complex, ureidoglycolate-Mn2+-HP042_, compared with 
the complex Mn2+-ureidoglycolate. The results are compared with the race-
mization of ureidoglycolate, the hydrolysis of thioureidoglycolate and allan-
toate, and the dehydration of glyoxylate hydrate. A reaction mechanism com­
mon to these processes is proposed. A study of the absolute configuration of the 
optical antipodes of ureidoglycolate reveals information on the steric arrange­
ment of the binding subsites of the enzyme. 
In Chapter 6 the relationship between the conformation of allantoicase and 
the ability of the enzyme molecules to function catalytically is one of the sub­
jects investigated. From sedimentation studies it appears that at least two enzy-
mically active components of allantoicase are present with sedimentation coef­
ficients 0.9 S and 10.8 S. Both components have been separated, and they expose 
about the same specific activity for allantoate, and have the same infrared 
spectra. The differences in the optical rotatory dispersion and circular di-
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chroism spectra of 0.9 S and 10.8 S allantoicase are rather small. It is concluded 
from infrared and spectropolarimetric measurements that β structure, α-helix 
and random coil conformations are present. Special attention has been paid 
to the spectropolarimetric data obtained by studies on various metalloallan-
toicases and on the effect of pH and inhibitors on the aromatic and intrinsic 
Cotton effects. The binding of the competitive inhibitors causes alterations in 
the state of ligands in the active center of the enzyme-Mn2+ complex and simul­
taneously the environment of certain aromatic groups is strongly affected. 
These groups may form an essential part in the binding of the complex. 
In Chapter 7 an approach to the mechanism of the catalysis of allantoicase 
is given. The physicochemical data obtained in this study and the biochemical 
data already known in the literature have been used. The data prove that man­
ganese plays a central role in the enzymic mechanism of allantoicase. Its role 
may be manifold, consisting in part of facilitating formation of a complex 
with ureidoglycolate or allantoate, in part of stabilizing the intermediates in a 
form that can undergo the desired reaction and in part of providing an electro­
positive group in addition to that of the protein itself which facilitates the 
electron displacements required for the reaction catalyzed by the system. A 
three-dimensional model of the enzyme-substrate complex has been drawn. The 
data point to the existence of the allantoicase-Mn2+-substrate complex in 
solution. A three-point interaction between the substrate and the enzyme-
bound metal atom has been assumed, but a two-point interaction between 
metal-ion and enzyme surface with one ligand of manganese carrying water 
cannot be excluded. 
An Addendum summarizes nomenclature, definitions and calculations used 
in this thesis, and contains a computer program for the Kronig-Kramers' dis­
persion relations. 
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S A M E N V A T T I N G 
In dit proefschrift is een poging gedaan om een inzicht te verkrijgen in het 
werkingsmechanisme van een enzymatische reactie, in het bijzonder voor het 
enzym allantoicase uit Pseudomonas aeruginosa. 
In hoofdstuk ι wordt een kort overzicht gegeven van de experimentele moge­
lijkheden welke voor dat doel ter beschikking staan en een rechtvaardiging 
wordt gegeven voor de keuze van het enzym allantoicase. 
Hoofdstuk 2 behandelt de betrekking tussen de chiro-optische effecten en de 
absolute configuratie van N-acylaminozuren, die structurele overeenkomst ver­
tonen met ureidoglycolaat, een substraat van het enzym. Algemene regels voor 
dit verband worden afgeleid. 
In hoofdstuk 3 worden de isolatie en enkele eigenschappen van (—Callan­
tóme beschreven. De resultaten van het voorgaande hoofdstuk maken het mo-
gelijk om van deze verbinding de absolute configuratie vast te stellen: (—Callan-
tóme is ('Ä^-allantoine. 
In hoofdstuk 4 wordt een zuiveringsmethode ontwikkeld, die de bereiding 
van relatief grote hoeveelheden homogeen enzymmateriaal mogelijk maakt. 
Deze zuiveringsmethode is gebaseerd op de thermostabiliteit van het enzym 
in aanwezigheid van Mn2+ ionen en betreft een acetonprecipitatie, gevolgd 
door chromatografie op Ecteola-cellulose. 
Hoofdstuk 5 behandelt de niet-enzymatische hydrolyse van ureidoglycolaat. 
Bijzondere aandacht wordt geschonken aan de katalytische invloed van biva-
lente kationen. Het Μη2 +-ΗΡθ42~ complex blijkt een sterkere katalytische 
werking te hebben dan Mn2~ en ΗΡθ42~ afzonderlijk. Dit kan het gevolg zijn 
van een verhoogde stabiliteitsconstante van het ternaire complex, ureido-
glycolaat-Mn2~-HP042_, vergeleken met de stabiliteitsconstante van het com­
plex Mn2+-ureidoglycolaat. De resultaten worden vergeleken met de racemizatie 
van ureidoglycolaat, de hydrolyse van thioureidoglycolaat en allantoaat en de 
dehydratatie van glyoxylaathydraat. Een gemeenschappelijk reactiemechanisme 
voor deze processen wordt voorgesteld. De absolute configuratie van de 
optische antipoden van ureidoglycolaat wordt bepaald en de sterische rang­
schikking van de bindingsplaatsen op het enzym wordt vastgesteld. 
Het verband tussen de secundaire, tertiaire en quaternaire structuur van allan­
toicase en het katalyserende vermogen van de enzymmoleculen is een van de 
onderzochte onderwerpen die in hoofdstuk 6 worden beschreven. Uit sedimen­
tatie studies bleek dat tenminste twee enzymatisch actieve componenten van 
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allantoicase aanwezig zijn. Hun sedimentatieconstanten bedraagt 0.9 S en 
10.8 S. De twee componenten worden gescheiden en vertonen ongeveer dezelfde 
specifieke activiteit ten opzichte van allantoaat en hebben overeenkomstige 
infrarood spectra. De verschillen in de optische rotatie dispersie en circulair 
dichroisme spectra van 0.9 S en 10.8 S allantoicase zijn tamelijk gering. Uit de 
infrarood en spectropolarimetrische metingen wordt de conclusie getrokken 
dat een β structuur, α-helix en 'random coil' conformatie aanwezig zijn. Zowel 
aan de spectropolarimetrische gegevens van de metaalallantoicases als aan het 
effect van de pH en remmers op de aromatische en intrinsieke Cotton effecten 
wordt speciale aandacht geschonken. De binding van de competitieve remmers 
verandert de toestand van de liganden binnen het actieve centrum van het 
enzym-Mn2+ complex en heeft tot gevolg dat de omgeving van bepaalde aro­
matische groepen sterk beïnvloed wordt. Deze groepen zijn mogelijk essentieel 
in de binding van het complex. 
In hoofdstuk 7 wordt dieper ingegaan op de katalyserende werking van allan-
toicase. De resultaten van de fysisch-chemische metingen, die in dit proefschrift 
worden vermeld en de biochemische gegevens, die over dit enzym in de literatuur 
bekend zijn, worden gebruikt voor een beschrijving. Uit de meetresultaten blijkt 
dat het mangaanatoom een centrale plaats in de enzymatische werking van het 
allantoicase inneemt. De rol van het mangaanatoom kan veelzijdig zijn, n.l. 
het vereenvoudigen van de complexvorming tussen ureidoglycolaat of allan-
toaat, de stabilisatie van de tussenvormen, die de gewenste reactie kunnen on-
dergaan en het beschikbaar zijn van een elektropositieve groep, die naast het 
eiwitmolecuul de elektronenverschuivingen vereenvoudigt. Een driedimensio-
naal model van het enzym-metaalsubstraat complex is schetsmatig weergegeven. 
De meetresultaten wijzen op het voorkomen van het allantoicase-Mn2+-sub-
straat complex in oplossing. Een wisselwerking op drie punten tussen substraat 
en het enzym-gebonden metaalatoom wordt verondersteld, echter een twee-
punts wisselwerking tussen metaalion en enzymoppervlak met nog één ligand 
van het mangaanatoom, waaraan water gebonden is, kan niet worden uitge-
sloten. 
Een addendum is toegevoegd waarin de nomenclatuur, definities en bereke-
ningen, zoals in dit proefschrift gebruikt, zijn samengevat. Een computer pro-
gramma voor de berekening van de dispersie relaties van Kronig en Kramers 
wordt gegeven. 
1 0 0 
A D D E N D U M 
In this thesis the wavelength is expressed in nanometers (nm) and the nomenclature employ­
ed in the description of optical activity is analogous to that of Djerassi and Klyne (1957), 
and Djerassi (i960). 
Throughout this thesis the symbols S and R are used according to the nomenclature of 
Cahn, Ingold and Prelog (1951, 1956). These symbols are equivalent to LS and Ds for the com­
monly occurring α-amino acids and its N-derivatives. 
The specific rotation 
The specific rotation [a]^, at wavelength λ, is expressed as: 
100 α 
Μλ = • cd 
in which α is the rotation in degrees, с is the concentration of the optically active solute in 
grams per 100 cm3, and d expresses the optical path through the solution in decimeters. 
The molar rotation 
The molar rotation [Φ]χ., takes into account also the molecular weight of the solute, and is 
defined as : 
[Φ]λ = ^ [ α ] λ . 
where M is the molecular weight. The molar rotation is expressed in deg-cm2-decimole~1. 
In the case of proteins the mean residual weight of the constituent amino acids. Mo, is used 
instead of the molecular weight of the protein. Mo is obtained by dividing the molecular 
weight of the protein by the number of amino acid residues. For allantoicase Mo has the value 
of 126. In order to take into account the refractive properties of the solvent, it is now a general 
practice to introduce the Lorentz factor, 3/(ηχ2 + i), where ηχ is the refractive index of the 
solvent at a certain wavelength λ. The corrected mean residual specific rotation, denoted by 
[m']^, is expressed as (Jirgensons, 1969): 
3 M« 
The dependence of the refractive index on the wavelength 
The dependence of the refractive index, n, on the wavelength, λ,, outside an absorption 
band is approximated by Sellmeier's equation (Umes, 1961; Fasman, 1963): 
η
λ
2
= I +гХ (Хг — %S), 
in which a and Xa are constants. These constants are estimated by the measurement of the 
refractive index at two different wavelengths. The refractive index values, and the Lorentz 
factors, 3/(ηχ2 + 2), of water have been tabulated by Fasman (1963). Dorsey (1940) and Yang 
(1967) calculated the refractive indices of water at 20° with the aid of the Duclaux-Jeantet 
formula: 
n
2
 = 1.762530 — 0.0133998 λ2 -f 0.00630957/(12 — 0.0158800). 
ΙΟΙ 
The ellipticity 
The ellipticity, Θ, is calculated from the relation: 
180 
θ = — ' 2 . 3 (Αι — Ar), 
in which Ai — Ar is the difference between the absorbance of left and right circularly polarized 
light. 
The specific ellipticity 
The specific ellipticity, [θ]χ, is defined corresponding to the specific rotation as: 
ιοοθ 
and has the same dimension as the specific rotation. 
The molar ellipticity 
The molar ellipticity, [Θ]\, is expressed as: 
and the corrected mean residual specific ellipticity as : 
3 Mo 
Methods 
The visible region of the optical rotatory dispersion spectra was measured with a Bendix 
instrument and the far ultraviolet region with a Jasco, model ORD/CD/UV-5, recording 
spectropolarimeter. All measurements were performed at room temperature. The path lengths 
of the cells were 50.0, 10.0, 1.0 and 0.1 mm. 
Circular dichroism spectra were plotted with the same Jasco instrument as given above. All 
circular dichroism spectra were recorded at least twice, and runs were made to determine the 
base lines as soon as possible before or after the sample run. 
Molar ellipticities, [Θ]χ in deg-cm2-decimole"1, were calculated from the circular dichroism 
spectral tracings by the following equation: 
[ Θ ]
λ
 = ^ Ρ Α , 
in which c' is the molar concentration of residues, Ρ is the sensitivity factor of the Jasco spec­
tropolarimeter (0.005 and 0.002 degrees per 10 cm deflection were used in this study), and A is 
the deflection (cm) of the CD tracing from the base line at the same wavelength. 
In order to check the proper operation of the instrument, the circular dichroism and optical 
rotatory dispersion spectra of solution of poly-a.L-glutamic acid and 5-a-cholestan-3-one 
were measured over the ultraviolet spectral range. The spectra of poly-a.L-glutamic acid in 
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o.i M NaCI solutions at pH values 4 3 and 7 1 agreed well with the data published by Holz-
warth and Doty (1965), Velluz and Legrand (1965), and Cassim and Yang (1967) and with 
theoretical predictions of the optical activity of the α-helix (Woody, 1962). The circular di-
chroism spectrum at pH 4 3 is characterized by two well defined and approximately equal 
negative extrema at 207 and 221 nm ([Θ] ¡=» —40,000 deg cm2 decimole-1). 
One-term Drude equation 
The simplest relationship between optical rotation and wavelength is given by a one-term 
Drude equation: 
Μλ = йсЬй • 
ι 
in which к is the rotatory constant and XQ is the dispersion constant. From a plot of— against 
λ
2
, к and Xc can be determined. 
Two-term Drude equation 
The one-term Drude equation is inadequate to account for the relationship between optical 
rotation and wavelength for polypeptides and proteins A two-term Drude equation, modified 
by Moffitt and Yang (1956), does satisfactorily correlate these variables for most synthetic 
and natural polypeptides. 
&ολο DoAio 
[ m ' h = ,2 1 2 + 
λο  (λ 2— λοψ 
In this equation ao and bo are rotatory parameters, and λα is the dispersion constant. The 
parameter bo is specifically related to the helix content. The value bo is calculated from the 
two-term Drude equation written as. 
λ
2
—λο
2
 boXo2 
[ m ' h -ν ι = a» + 
λ
2
— λ ο
2 
λ
2
— λο
2
 λο
2 
and [τη']χ —г—;— is plotted against ——r—j, for various λο values and that λο is selected 
λο λ — λο 
which would yield the best straight line. In most cases this value is 212 nm and thus Yang 
(1967) suggested it to be a constant in all determinations. From the slope of the plot bo was 
found and synthetic polyamino acids, which were known to be helical, were used as refe­
rences. PoIy-a,L-glutamic acid and poly-y-benzyl-L-glutamate in several helix-promoting 
solvents, yielded bo values averaging of —630o (Urnes and Doty, 1961), which represents a 
reference value for a 100% right-hand helix In an exclusively coiled form bo was close to 
zero It was assumed that the α-helix content in the polymers and proteins with a partial helical 
structure could be obtained by linear interpolation, and thus the helix fraction is equal to 
—Ь„/6зо0. 
Modified two-term Drude equation 
An analysis, which not only allows the determination of the a-helix content of proteins m 
solution, but also provides a basis for the detection of ordered structures other than a-helical, 
is based on a two-term Drude equation modified by Blout, Carver and Shechter, (1967)· 
Α(α)193 λ2193 A(a)225 λ2225 Α(Ρ)198λ219β A(p)225 λ2225 
[ Π ΐ ] λ =
 λ
2 _
λ
2
Ι 9 3 + λ 2 _ λ 2 2 2 5 + λ ΐ — λ
2
, , .
 +
 λ
2
— λ
2 2 2 5 
юз 
In this equation the constant A is a measure of the rotational strength (Eyring, Liu and 
Caldwell, 1968), and the first subscript in parentheses designates the conformation to which A 
is related (a is used for the α-helix, ρ is used for a random conformation), the second sub­
script is the wavelength of the Cotton effect. For the determination of helix content the equa­
tion is written in the following simplified way (Blout, Carver and Shechter, 1967): 
λ
2 1 9 3 λ 2 Ι 2 5 
[m ]
λ
 = Α(α. ρ) d») λ 2 _ Хгт + А<а. Ρ> » ' λ 2 _ λ 2 2 2 5 ' 
This equation was applied according to the suggestions made by Heller (1958). On the basis 
of optical rotatory dispersion of poly-a,L-glutamic acid in water at pH 4 (helical) and 7 
(random coiled), Shechter and Blout (1964) proposed: 
„ A^, p) (из) + 750 
H i » 3 = -36.5 
A ( a , p) 213+ 60 
H 2 2 5 = 
I9.9 
where Η equals the per cent helix. 
If proteins in aqueous medium are composed only of α-helix and random coil conformation, 
a linear relation is obtained between A(a, p) (193) and A (a, p) 22s. 
This relation is expressed as: A(a, p) 221 = — 0.55 A(aI p) (из)— 430. 
If the values of A(a, p) (193) and A(o, p) 225 do not fit this equation, it indicates that other 
structures are present (Blout, Carver and Shechter, 1967). 
Conformation-dependent ellipticity bands 
Another method providing some information on the α-helix content is based on the mea­
surement of the rotational strength of the conformation-dependent ellipticity bands in the 
spectral region of 190 to 225 nm. The evaluation of the results is still uncertain because of the 
lack of agreement in reference scales. The helix content of 0.9 S and 10.8 S allantoicase was 
estimated from the intensity of the m — π - CD band at 220 nm, and poly-a,L-glutamic acid 
was used as a reference compound. Measurements of I and 2 % unbuffered solutions of poly-a, 
L-glutamic acid were performed at pH values 4.2 and 7.1 in the presence of 0.1 M NaCI. The 
reference values found were —32,000 deg-cm^decimole-1 for the ni —π~ CD band, indica­
ting 100% α-helix and +3,100 deg-cm^decimole-1 for 0% α-helix structure. These values 
agreed with those given by Breslow, Beychok, Hardman and Gurd (1965). 
Kronig-Kramers' dispersion relations 
Both optical rotatory dispersion and circular dichroism have their origins in the absorption 
band of optically active compounds. It is thus not surprising that these two phenomena are 
intimately related. The detailed theoretical formulas to transform circular dichroism into 
optical rotatory dispersion by use of the general Kronig-Kramers' dispersion relations are 
given by Moffitt and Moscowitz (1959). 
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To effect a circular dichroism to optical rotatory dispersion, transformation through an 
evaluation of 
ao 
о 
is possible, where λ and V are the main variable and parameter of integration, respectively. 
An analogous equation is 
00 
[Θ']λ = - ¿ / im 'k ' ¿ - ^ dV , (A.2) 
о 
and can be used to transform optical rotatory dispersion to circular dichroism. The summa­
tion of equations (A.i) and (A.2) has been executed with the aid of a digital computer (IBM 
360/50 system). The computer language is Fortran. 
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THIS PROGRAM CALCULATES THE ORD CURVE FROM THE CD CURVE. 
DIHENblUN AleO),FCUleO).AAI2Ql,FCPLÚT(20} 
D I M E N S I Ü N B<1000),FKDIiaOI}),eBllOO).FHPLOTI100) 
AMIN'jSO.O 
кк=ао 
LL-20 
FCHAX'IO.O 
FACTUR-*500»í .30í6*15e«S0»0.0OZ/(3.14*11 
AMAX-A«IN*KK-1.0 
FCMAX-FCMAX«FACTO« 
READ(5,11I ( F C U I U . I - l t K K ) 
DO 101 I - l . K K 
FCOdl-FCUl I I «FACTOR 
101 A I I ) - A H I N * I - l . a 
00 103 J ' l t lOOO 
B(J )=J -0 .5 
FROIJI-0 
DO 102 1-1.KK 
FHULP"=FCO(l l*A(I I / (BlJI»B( J I - A I I I * A ( I M 
102 FRO(JI-FR0(JI»FHULP 
103 FR0(J)*0 .63â9*FBDIJI 
INT-19B 
00 111 1-1,100 
INT-INT+5 
βΒ1ΙΙ-ΙΝΤ-0.5 
111 FRPLUTUI-FRDUNn 
[NT=0 
DO 112 l - l . L L 
1NT-1NT«-* 
A A i n - A M I N H N T - l . O 
112 F C P L o r d l - F C D d N T I 
H R I T E ( 6 i l 3 l 
W R l r E ( 6 , 1 2 ) I A l I ) . F C D ( l ) , l - l , K X ] 
CALL 6«AVEL(AA,FCPL0r.Ll,2,A«AX,AKIN,FCMAX,-FCMAXI 
riRITEl«,!«» 
H R I T E I 6 . 1 2 ) ( B < J ) . F R 0 ( J I » J - 1 . 1 0 0 0 ) 
CALL GRAVEL(BB.FRPLOT,100.2,700.0,200.O.FCHAX.-FCHAX) 
11 F0RHATI16FS.2) 
12 F O R M A T ! * ! I X . F ï . l . E l « . * , 6 X I ) 
13 FORMAT!·1 CIRCULAR OICHROISH·) 
14 FORHATCl OPTICAL ROTATORY DISPERSION') 
STOP 
ENO 
SUBROUTINE GRAVELIX.FX,H,H16,XHA,XMI,FHA,FMI) 
С RECCNSTRUCTIE KROMME 
С Mlò-0 SUBROUTINE MAAKT FMAX EN FMI Ν 
С Н16»1 SbaROUTINE MAAKT FMAX. FMIN-FMI 
С M16-2 FMAX'FMA. FHIN^FMI 
DIMENSION X X 1 1 0 0 ) , X 1 1 0 0 1 , F X I 1 0 0 ) , m i O l l , A l i l i , I C I 7 1 , J F I 2 5 1 
ICI1)>1077952576 
ICI2)>1S47714624 
ІСІЗ)-10797В75в4 
I C I 4 I - 1 0 7 7 9 5 9 7 4 * 
ICIS>-107795260* 
N2»6 
DA-XMA-XHI 
oo *οα Ν Ί , Ν 
XXIMI'XIMI 
400 X(MI-X|M)-XMI 
XMAX>XMA 
XMA-XNA-XMI 
URITE I N 2 , 4 0 2 ) 
402 FORMAT U H I ) 
HRITE<N2,401)XH1,DA 
401 F0RHATI7H ABC. - . E 1 0 . 3 , 1 Н » . ё 1 0 . 3 . 2 0 H TIMES X-AS WAARDE. 
521 FMAX - F X I I I 
FMIN - F X I 1 I 
ca s a * M • ι , ι ο ί 
XA - Μ - 1 
XA-XA»XMA/100. 
TYIM)> 0 . 
Ml - O 
DO 50$ M2-1.N 
ABC - XA - XIM2) 
I F IABC)505,505,5O6 
SOA Ml - Ml • 1 
505 CONTINUE 
IF I M I ) 5 0 7 , 5 0 7 . 5 0 8 
507 YYIMI - I F X I l l * ( X A - X I 2 l l - F X I 2 l * I X A - X l l l l l / I X f l l - X I 2 l l 
GO TO 901 
508 I F I H I - N ) 9 0 2 , 9 0 3 , 9 0 3 
903 VV<H) ' I F X | N - 1 I « I X A - X ( N ) ) - F X I N | » ( X A - X « N - 1 ) I I / ( X < N - 1 I - X ( N ) ) 
SO TU 901 
902 Д1 - I F X < M 1 I » C X A - X ( » ( 1 H ) 1 - F * ( H U 1 ) * Í X A - X { M 1 I I I / ( X ( M I I - X ( M 1 » I U 
Y Y I H l ' A l 
I F i N l - l j 9 0 4 , 9 0 4 . 9 0 5 
905 A2 • ( F X I H l - l ) * ( X A - X I N l ) ) - F X ( M l l * I X A - X ( H l - l ) ) ) / ( X i H l - l ) - X I H l i l 
»ТІИІ»ТГ(И1*0.!>»(А2-А1)»( ( Х ( И 1 » 1 і - Х Д | / ( Х ( Н і т - Х ( М 1 І І 1 * · 2 . 5 
904 IF<H1-N*2) 9 0 7 , 9 0 7 . 9 0 1 
907 A 3 . | F X ( H 1 * 1 I « I X A - X ( N 1 » 2 ) ) - F X ( H l « 2 l » ( X A - X ( « l - H m / ( X ( H l * l ) - X ( M l + 2 l 1 
Υ Υ Ι Η > - Υ Υ ( Η 1 » 0 . 5 » < Α 3 - Α 1 ) * Ι Ι Χ Α - Χ Ι Η 1 ) ) / ( Χ ( Η 1 « Ί ) - Χ ( Μ 1 Ι Ι ) * * 2 . 5 
901 AA=FHAX -YY(M) 
Ae=FHIN-YY(Hl 
1 F I A A ) 5 1 0 , 5 1 0 , S 1 1 
510 FNAX'YYIH] 
511 IF(Afi) 5 0 4 . 6 1 2 , 6 1 2 
6 1 2 FMIN-YYIMI 
504 CONTINUE 
DO 704 I I - 1.11 
A(I1I-I1-1 
T04 A U l l - A U n / l O . 
I F I H 1 6 - 1 1 6 0 1 . 6 0 2 , 6 0 3 
603 FMiN-FHI 
FHAX-FHA 
GO TO 601 
602 FNIN -FMI 
6C1 D-FMAX-FHIN 
M R l T E ( N 2 , e 0 0 ) F H I N , 0 
BOO FORMAT 17H ORO. - , Ε Ι Ο . 3 , 1 H * , É 1 0 . 3 , 2 0 H TIMES Y-AS WAARDE. ) 
H R I T E I N 2 , 3 0 3 I I A I K I , K - 1 , 1 1 I 
Η « Ι Τ Ε Ι Ν 2 . 3 0 1 Ι 
URITEIN2,302I 
OU 5 1 2 M l ' l i l l 
AM > Ml - 1 
AM - 0 . 1 »AM 
00 513 N2-1,10 
H-<N1-1>*10+H2 
I F I M - 1 0 1 1 3 3 . 3 3 . 5 1 3 
33 ORI) -100.*IYYIM)-FM1N)/<FMAX-F)I|N) 
l«OR0 • 0 . 4 9 9 9 9 9 9 
I F I I ) 7 0 1 . 7 0 1 . 7 0 2 
701 IFIM2-1> 10,10,11 
10 UII ITEIN2,12)AN 
CO TU 513 
11 KRITE(N2,306I 
Ш TU 513 
702 J * ( I - l ) / 4 
I-I-4»J+1 
00 1 KK-1,25 
K-KK-l 
I F I K - J I 3 , 2 . 3 
3 J F I K t l l ' I C U I 
CO TO 1 
2 J F ( K » 1 ) - I C I I I 
1 CONTINUE 
I F I M 2 - 1 I 4 . 4 , 5 
4 U R I T f c ( M 2 , 6 ) A N , ( J F I K I , K = l , 2 5 l 
GO TO 513 
5 H R I T E I N 2 , 7 I I J F I K ) , K > 1 , 2 5 ) 
513 CONTINUE 
512 CCNTINUE 
MRITEIN2,302I 
W R I T t l N 2 , 3 0 1 ) 
W R I T E I N 2 , 3 0 3 ) ( A I K ) , K - 1 , 1 1 I 
303 FORMAT I 1 H 0 , 9 X , 1 1 F 1 0 . 1 I 
302 FORMAT ( I H •19X,10(10H I l 
6 FORMATllH , F 1 7 . 1 , 2 H * I , 2 5 A 4 I 
7 FQKHATÍIH , 1 8 X , 1 H I . 2 S A 4 I 
12 FORMAT U H , F 1 7 . 1 , 2 H * » I 
301 FtMMAT U H , 1 β Χ , 1 Η * , 1 0 ( 9 Χ 1 Η * Ι Ι 
306 FORMAT ( I H · l a X . l H * ) 
0 0 403 №-l,N 
403 X I M I ' X X I H I 
XMA'XMAX 
FRA-FMAX 
FRI-FNIN 
RETURN 
ENO 
107 
THIS PROGRAM CALCULATES THE CD CURVE FROM THE ORD CURVE 
OINENSION 81160),FROl1601,ββ1401»FRPLOT(401 
DIMENSION A C 1 0 0 0 ) , F C O ( 1 0 0 0 t , * A U O O I , F C P I . O T I 1 0 0 ) 
ВНІГЧ»200.0 
KK-160 
LL-40 
FCNAX-60.0 
FACTUR-l.O 
β Μ Χ - β Μ ΐ Ν * Κ Χ - 1 . 0 
FCMAX>FCNAX*FACrOR 
R E A O I S . l l K F R O I l l . I - l . K K ) 
•O 101 I . l . K K 
FRO<I)«FR0II)*FACT0R 
101 Β ( Ι ) « β Η 1 Ν * Ι - 1 . 0 
DO 103 J - 1 , 1 0 0 0 
A I J ) - J - 0 . 5 
F C D I J t - 0 
DO 102 I - l i K K 
F H U L P - F R D I I I * B I I I * B I I ) / < B I I I * e l I I - A I J ) * A I J ) l 
102 FCO(J)-FCOIJI»FHULP 
103 F C O I J ) - 0 . 6 3 6 9 * F C D ( J I / A ( J I 
Ι Ν Ι - 1 9 β 
00 111 J - 1 , 1 0 0 
IMT-INT*S 
AA(JI«INT-O.S 
111 FCPLUrlJl-FCDUNTI 
INT-0 
00 112 1-1,LL 
INT-INT** 
ΒΒΙΙΙ-Ι1ΝΙΝ4ΊΝΤ-1.0 
112 F R P L O T I D - F R D d N T I 
H R i r E ( 6 . 1 3 ) 
W R I T £ l 6 . 1 2 l l e < I ) I F R O I D I I - I I K K ) 
CALL GRAVEL«BB.FRPLOT.LL.i.BMAX.BMIN.FCMAX.-FCMAX» 
U f ) I T E ( 6 . 1 4 t 
u R I T E I 6 , 1 2 l ( A I J t . F C 0 ( J ) . J - 1 . 1 0 0 0 l 
CALL GRAVEL IAA.FCPLOTi100,2•700.0,200.O.FCHAX.-FCHAXI 
11 FQR4AT(16F5.2) 
12 FQKHAm(lX,F5.1,EL4.4,6XI I 
13 FORMATCl OPTICAL ROTATORY DISPERSION· I 
14 FORMATCl CIRCULAR OICHROISM'I 
STOP 
END 
SUBROUTINE GRAVEL(X,FX fN,M16,XMA,XMI,FMA tFHI) 
С RECONSTRUCTIE KROMME 
С N16-0 SUBROUTINE MAAKT FMAX EN FMIN 
С И 1 6 - 1 SUBROUTINE MAAKT FNAX, FMIN-FMI 
С H16-2 FMAX'FHA, FMIN-FMI 
DIMENSION X X I 1 0 0 l , X l l O O I , F X I 1 0 0 l , Y V I 1 0 1 l t A l l l ) . I C ( T ) , J F I 2 5 l 
DATA 1С/· • , · · · , · · • · · · · · ' * · / 
N2-6 
OA-XMA-XMI 
00 4 0 0 N - l . N 
ΧΧ(Μ1·Χ(Ν1 
4 0 0 X<M>-X(N)-XMI 
XMAX-XMA 
XPA-XHA-XMI 
URITE ( N 2 , 4 0 2 1 
402 F0RMATUH1) 
U R I T E ( N 2 , 4 0 1 ) X N I t 0 A 
4 0 1 FORMATITH ABC. - . E 1 0 . 3 , I H » , E 1 0 . 3 , • TIMES X-AXIS VALUE · ! 
S21 FMAX - F X I l i 
FMIN - F X ( 1 ) 
OU 504 M - 1 , 101 
XA » M - 1 
XA-XA«ХНА/100. 
V Y I M I - О. 
Ml - О 
00 $05 N 2 - 1 , Ν 
ABC - XA - X(M2I 
I F (ABC I SOS, SOS, $06 
506 MI » MI • 1 
505 CONTINUE 
I F ( Н И 5 0 7 , 5 0 7 , 5 0 8 
507 YY(H) - I F x m * ( X A - X I 2 ) l - F X ( 2 I * ( X A - X ( l l ) ) / ( X ( l ) - X ( 2 I ) 
GO TO 901 
SOB ( F ( H l - N ) 9 0 2 , 9 0 3 , 9 0 3 
403 YTIMI - ( F X I N - I X U A - X I N I ) - F X I N ) · 1 X A - X ( N - l ) I ) / t X« N-l ) - X ) N ) | 
CO TU 901 
902 Al * < F X ( M l ) « < X A - X t M l + l l l - F X ( H l * l l * ( X A - X I M l ) H / I X t M l | - X ( M l + l ) ) 
YY(MJ=A1 
I F ( M l - l ) 9 0 4 , 9 0 4 . 9 0 5 
90S A2 - I F X ( H 1 - 1 ] * ( X A - X ( N 1 ) I - F X ( M 1 ) * ( X A - X I N 1 - 1 ) I I / I X ( H l - 1 ) - X I H l l I 
Υ Υ ( Μ | . Υ Υ ( Η Ι » 0 . ! > * ( Α 2 - Α 1 · · Η Χ Ι Η 1 » 1 Ι - Κ Α Ι / ( Χ ( Μ Ι * Ι Ι - Χ ( Μ 1 Ι » Ι · · 2 . 5 
9 0 * I F ( M 1 - N * 2 I 9 0 7 , 9 0 7 . 9 0 1 
907 A 3 - l F X ( H l < - l ) » l x A - X ( M l * 2 l t - F X l M l * 2 1 » ( X A - X ( H l * l ) ) > / ( X | N l * H - X ( H l » 2 ) ) 
Υ Υ ( Η Ι · Υ Υ ( Μ ) + 0 . 5 · ( Α Ϊ - Α 1 | · 1 Ι Χ Α - Χ 1 Μ Ι Π / Ι Χ ( Η 1 » 1 ) - Χ ( Η 1 ) | | * · 2 . 5 
901 AA-FHAX -YYIH» 
AB-FHIN-YY(M) 
I F I A A J S l O . S l O . S l l 
510 FMAX-YY(HI 
511 IF<AB1 5 0 4 , 6 1 2 , 6 1 2 
612 FHIN-YYIMI 
504 CONflNUÉ 
00 704 II - 1,11 
A U n > I l - l 
7C4 »(11)-A<I1I /10 . 
I F IH16 -1 ) 1,01,602,603 
603 FMIN'FHI 
FMAX'FMA 
GO Tü 601 
602 FHIN - F U I 
6C1 O'FMAX-FNtN 
HKITEIN2,eOOIFMIN,0 
800 FORMAT (7H ORO. · , £ 1 0 . 3 , I H » , Е Ю . Î , · TIMES Y-AXIS VALUE ' ) 
URI TEI N2,3031 i ΑΙ ΚΙ , Κ Ί , 111 
KRITE(N2
a
301) 
WRITEIN2,3021 
DO 5 1 2 M l - l . l l 
AH - Ml - 1 
AM - 0 . 1 »AM 
00 513 M2-l,10 
M-(M1-1I»10*M2 
IFCH-101> 3 3 , 3 3 , 5 1 3 
33 ORO - 1 0 0 . * ( Y Y ( M ] ' F M I N ) / I F M A X - F M I N I 
lORO *0.4999999 
• F i l l 7 0 1 , 7 0 1 , 7 0 2 
701 I H M 2 - 1 J 1 0 , 1 0 , 1 1 
10 MRITEIN2,12)AM 
Ш TU 513 
11 HRITE(N2,306I 
GO TU 513 
702 J-II-ll/4 
I-I-4»J*1 
DO 1 KK-1,25 
R»KK-l 
IF(K-J1 3,2,3 
3 JF(X»1)-1C11) 
GO TU 1 
2 JF(K+1)-ICII) 
1 CONTINUE 
IFIM2-1) 4,4,5 
4 HRirEIN2,6)AM,(JF(IU,K-l,25t 
GO TU 513 
5 URIT£IN2,7)IJFIKIfK-l,25) 
513 CONTINUE 
512 CONTINUE 
HRITEIN2,302I 
MRITEiN2,301) 
URITEIN2,303IIAIKI,K-1>11) 
303 FORMAT I1H0, 9X.11F10.11 
302 FORMAT <1H ,19X,10I10H »» 
6 F0RMATI1H ,F17.1,2H*1,25A41 
7 FORMAT(IH ,1βΧ,1ΗΙ.25Α4Ι 
12 FORMAT I1H ,F17.1.2H*»I 
3 0 1 FORMAT I1H , Ι β Χ , Ι Η · , 1 0 I 9 X 1 H · ) ! 
306 FORMAT U H · Ι β Χ , Ι Η * ) 
DO 403 M - l . N 
403 X I M I ' X X I M I 
XMA-XMAX 
FHA'FMAX 
FM1>FMIN 
RETURN 
END 
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STELLINGEN 
I 
De conclusie, dat de door Ikeda et al. onderzochte Вепсе-Jones eiwitten zich 
onderscheiden door een verschil in β structuurgehalte, is onjuist. 
Ikeda, K., K. Hamaguchi en S. Migita, J. Biochem., 63 (1968) 654. 
II 
De door Dessen et al. beschreven rotatie dispersie eigenschappen van glu-
tamaat dehydrogenase leiden niet tot verantwoorde conclusies. 
Dessen, Ρ en D. Pantaloni, European J. Biochem., 8 (1969) 292. 
Ill 
De keuze van Grigg et al. van een modelverbinding voor de onderscheiding 
van [1,5] en [3,3] sigmatrope verhuizingen bij de thermische omlegging van 
nikkel i-allyl-tetrahydrocorrin leidt niet tot de juiste conclusie. 
Grigg, R., A. W. Johnson, K. Richardson en M. J. Smith, J. Chem. 
Soc. (C), /970, 1289. 
IV 
De voorwaarden, waaronder de synthesesnelheid van albumine met behulp 
van [14C] natriumcarbonaat gemeten wordt, zijn aan bedenkingen onderhevig. 
V 
Het is door Ruasse en Dubois niet bewezen dat asymmetrische carbonium-
ionen ook optreden bij de additie van broom aan symmetrisch gesubstitueerde 
stilbenen. 
Ruasse, M.-F. en J.-E. Dubois, Tetrahedron Letters, ¡4 (1970) 1163. 
VI 
De conclusie van Akhtar en Hirtenstein dat retinylidene-phosphatidyl-
ethanolamine in het chromofore systeem van runder rhodopsine voorkomt, 
is door hun experimenten niet bewezen. 
Akhtar, M. en M. D. Hirtenstein, Biochem. J., 115 (1969) 607. 

VII 
Men dient er rekening mee te houden dat de kwantitatieve bepaling van 
serumeiwitten met de elektroforetische methode beïnvloed wordt door hemo-
globine. 
Henry, R. J. : 'Clinical Chemistry, Principles and Techniques', Harper 
and Row, New York, 1964. 
VIII 
De door Timpl et al. gesignaleerde verschillen tussen de 'zure structurele 
glycoproteinen' en het keratoglycosaminoglycaan uit de cornea, berusten eerder 
op orgaanspecificiteit, dan op klasseverschillen. 
Timpl, R., I. Wolff en M. Weiser, Biochim. Biophys. Acta, /94 
(1969) 112. 
IX 
Voor de bewering van Ghadini et al., dat bij patiënten lijdende aan het 
syndroom van Lesch-Nyhan de concentratie van adeninenucleotiden in ery-
throcyten verhoogd is, zijn geen argumenten aan te voeren. 
Ghadini, H., C. K. Bhalla en D. M. Kirchenbaum, Acta Pasdiat. 
Scand., jp (1970) 233. 
X 
De vinificatie zoals beschreven door Simon is oenologisch verantwoord, ech-
ter vanuit chemisch standpunt bezien onaanvaardbaar. 
Simon, Α. L. : 'De edele wingerd en de grote wijnen van Frankrijk', 
Donker, Rotterdam, 1965, p. 142. 
XI 
Om het 'defensief rijden' in Nederland te stimuleren, dient het verplicht ge­
steld te worden de motorrijtuigen, gedurende één jaar na het behalen van de 
rijbevoegdheid door de bestuurders, van een duidelijk kenmerk te voorzien. 
XII 
In Nederland wordt onvoldoende gebruik gemaakt van de bestaande labo-
ratoriumtechnieken voor het vroegtijdig opsporen van neonaten met een in-
geboren aminozuurstofwisselingsstoornis. 
E. J. 'S-GRAVENMADE Nijmegen, 18 september 1970 


